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ABSTRACT 
It i s  becomicg i c c r e a s i s g l y  apparer t  t h a t  we a r e  on the  verge  o f  
s e v e r a l  eew tecixiologies t h a t  w i l l  o f f e r  v i r t u a l l y  unlimited 
secotdary  s t o r a g e  a t  a f fo rdab le  pr ices .  Database a p p l i c a t i o n s  
caz  be expected t o  take advantage of  t h i s  expanded s to rage  
c a p a c i t y ,  asd a p a r t i c u l a r l y  promising area  i c  t h i s  regard is  
tne  use o f  so-cal led "coz-deletioc" o r  " h i s t o r i c a l "  databases.  
I t  i s  t h e r e f o r e  appropr ia te  t o  begi r  exploricg f o m a l  models f o r  
these  h i s t o r i c a l  databases -- models t h a t  a r e  i c t r i c s i c a l l y  
o r i e s t e d  toward the  s to rage  o f  da ta  over the  course o f  t ime,  acd 
t h a t  provide a formal semar t ics  f o r  the i z t e r a c t i o x  betweec time 
azd the  o t h e r  s tored  data  i tems.  
We p resez t  such a model, the  H i s t o r i c a l  Database Model (HDBK) , 
azd d ~ f i z e  i t s  semaztics  ic  terms of a r  underlyicg l o g i c a l  
model. For t h i s  purpose we use the  lacguage XL-s acd i ts  model 
theory,  a  s impl i f i ed  ve r s ioz  of  Richard Moctague's higher-order 
lambda ca lcu lus  witn i c t e z s i o c s .  Tne HD3K i s  def iaed  a s  a z  
e x t e z s i o ~  of t h e  r e l a t i o s a l  database model, i c c o r p o r a t i ~ g  a 
d i s t i cgu i shed  STATE a t t r i b u t e  t n a t  " time-stamps" the  f a c t s  
recorded i the  database.  I c t u i t i v r l y  such a database caL be 
viewed a s  a  s e t  o f  three-dimezsiocal r e l a t i o t s  i x  tne  o rd ica ry  
s e s s i .  Tne f o m a l  semaztics  i s  defized is t e r n s  o f  o b j e c t s  ( t h e  
va lues  o f  keys) ,  which a r e  i d e c t i f i e d  with noc-varying o r  
cozs taz t  e r - t i t i e s ,  acd the  p r o p e r t i e s  o f  these  o b j e c t s  ( t h e  
va lues  o f  r,or.-key a t t r i b u t e s ) ,  which a r e  i d e s t i f i e d  u i t h  
i t d i v i d u a l  cozcepts  is the  i ~ t e n s i o z a l  model. Two poss ib le  
ezcodicgs o f  tne  database i c t o  the  l o g i c a l  model a r e  presected 
asd discussed.  
It  i s  a widely accepted view t h a t  f i r s t - o r d e r  l o g i c  provides a 
fonna l i za t ioc  of tine semar t ics  o f  the  r e l a t i o n a l  database model 
t h a t  has helped t o  c l a r i f y  mazy o f  t h e  i s s u e s  i n  r e l a t i o c a l  
database theory. We argue t h a t  the  r i c h e r  l o g i c  I L - s ,  with i t s  
b u i l t - i c  cot ior .  of  "decotat ior .  with r e s p e c t  t o  a  momect o f  time" 
and witn i t s  c a p a b i l i t y  f o r  caming higher-order o b j e c t s ,  i s  a 2  
appropr ia te  v e h i c l e  f o r  providicg ac  analogous formal theory  o f  
t n e  semactics  o f  a c  HDB. F i c a l l y ,  we b r i e f l y  d i s c u s s  our  work 
u s i y :  IL-s a s  a  t a r g e t  lasguage f o r  i n t e r p r e t i c g  a 
za tura l - lasguagr  query fragmezt wnich we have def iced  a s  a  
Mottague Grammar, acd p o i s t  t o  some i c t e r e s t i c g  t o p i c s  f o r  
f u r t h e r  research  ic  the  gece ra l  a r e a  o f  time acd databases .  
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I. I n t r o d u c t i o c  
It is becoming increas ingly  apparent  t h a t  we a r e  o c  the  
verge  o f  s e v e r a l  nev technologies t h a t  w i l l  o f f e r  v i r t u a l l y  
u t l i m i t e d  eecondary s t o r a g e  a t  a f fordable  pr ices .  Opt ica l  d i sks  
writtec by l a s e r  w i l l  soon be a v a i l a b l e  commercially ( see  
[ ~ a r s h a l l  1981 1, e.g.) , and resea rchers  a r e  beginning t o  
i n v e s t i g a t e  new s t o r a g e  s t r a t e g i e s  appropr ia t e  t o  these  devices  
( s e e  [ ~ a i e r  1981 ] > . Be tabase  a p p l i c a t i o n s  w i l l  undoubtedly want 
t o  t ake  advactage o f  t h i s  expanded s t o r a g e  capac i ty ,  and a 
p a r t i c u l a r l y  promising area  ir,  t h i s  regard is t h e  use of 
so-ca l led  "tori-deletioc" o r  " h i s t o r i c a l "  databases.  I t  i s  
t h e r e f o r e  appropr ia te  t o  b e g i ~  exploririg formal models f o r  these 
h i s t o r i c a l  da tabases  -- models t h a t  a r e  i c t r i c s i c a l l y  or iented  
toward t h e  s to rage  o f  da ta  over the  course of time, and t h a t  
provide a fonnal  semm.tics f o r  the  i n t e r a c t i o ~  betweec time acd 
t h e  o t n e r  stored da ta  item&. 
I n  [ ~ l i f f o r d  & Warrec 1981 ] we presented such a model, t n e  
H i s t o r i c a l  Database Model (HDBK), and defined i ts  semantics i~ 
terms o f  a c  underlying l o g i c a l  model. For t h i s  purpose we used 
t h e  language IL-6 and i t s  model theory ,  a s impl i f i ed  ve r s ion  of  
Richard Wontague's higher-Order lambda c a l c u l u s  uiYn i n t ens ibns .  
The HDBM was defined as a c  extens ion o f  t h e  r e l a t i c h a 1  database 
model, incorpora t ing  a d i s t ingu i shed  STATE a t t r i b u t e  t h a t  
" time-stam1#1* t h e  f a c t s  recorded i n  t h e  da tabase .  I n t u i t i v e l y  
ouch a database car, be viewed a s  a set  o f  three-dimensional 
r e l a t i o c s  i n  t h e  o rd ina ry  eense. Tne fonnal  semantics is 
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defined i c  terms o f  o b j e c t s  ( t h e  va lues  of  keys) ,  which a r e  
i d e n t i f i e d  vi t h  non-varyicg o r  cons tant  e n t i t i e s ,  and the  
p r o p e r t i e s  of  these  o b j e c t s  ( t h e  va lues  of non-key a t t r i b u t e s ) ,  
which are i d e n t i f i e d  with ind iv idua l  concepts i c  t h e  i r t e n s i o n a l  
model. Ir: t h i s  paper we present  an overview of t h e  D B M  acd 
d i s c u s s  two poss ib le  encodings of  an h i s t o r i c a l  database i n t o  
t h e  l o g i c a l  model o f  IL-s. 
It is a  widely accepted view t h a t  f i r s t - o r d e r  l o g i c  
provides  a  formal iza t ion  o f  t h e  semactics  o f  t h e  r e l a t i o n a l  
da tabase  model t h a t  has  helped t o  c l a r i f y  mm.y 6 f  t h e  i s s u e s  i c  
r e l a t i o c a l  database theory. We argue t h a t  t h e  r i c h e r  l o g i c  
IL-st w i t h  its b u i l t - i c  notion o f  "denotat ion with r e s p e c t  t o  a  
mmect  of  time" and with i ts  c a p a b i l i t y  f o r  ramirg higher-Order 
o b j e c t s ,  i s  a c  appropr ia t e  v e h i c l e  f o r  providing an analogous 
formal t'neory o f  t h e  semactics of  an  HDB. F i c a l l y ,  we b r i e f l y  
d i s c u s s  our  work using IL-s a s  a  t a r g e t  language f o r  
i n t e r p r e t i n g  a  na tura l - lmguage query fragmect which we have 
defined a s  a  Wortague Grammar, and po ic t  t o  some i n t e r e s t i n g  
t o p i c s  f o r  f u r t h e r  research  i n  t h e  genera l  a rea  o f  t ime and 
databases.  
Tne paper is organized a s  fol lows.  We begin  i n  Sect ion  11 
by present ing  c e r t a i n  neceseary d e f i n i t i o n s  and comments on our  
no ta t ioc .  Tnen i n  Sect ion  I11 w e  mot ivate  t h e  need f o r  a  
temporal component t o  a  database model and d i s c u s s  two i n t u i t i v e  
views o f  t ime's  impact on t n e  r e s t  of t h e  model. Sec t ion  I V  
d i scusses  t h e  r e l a t i o n s h i p  between our  i n t u i t i v e  view o f  time 
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and t h e  l o g i c a l  formalism of  IL-s, and o u t l i n e s  two pos i sb le  
encoding6 o f  an  h i s t o r i c a l  database i n t o  a t  IL-s model. F i n a l l y  
we p resen t  a  b r i e f  d i scuss ion  o f  our  work i n  natural-language 
da tabase  querying us i rg  a  Moctague Grammar approach, and d i scuss  
some of a r e a s  f o r  f u r t h e r  research.  
11. D e f i r i t i o c s  and Notation. 
A. Re la t iona l  I)a tabase 
Tnis s e c t i o n  in t roduces  some o f  the  standard d e f i n i t i o n s  
from t h e  r e l a t i o c a l  database model (mostly from [ ~ a i e r ] ) ,  along 
with a  few remarirs about our  nota t ion .  
A r e l a t i o c  schame R - < A , K >  is a c  ordered p a i r  cons i s t ing  
of  a  f i n i t e  s e t  o f  a t t r i b u t e s  A { A I ,  A2, .. ., An] and a  f i n i t e  
s e t  o f  key a t t r i b u t e s  K = {KI  , K2, . . . , ~ m ] ,  where K C A .  We 
g e n e r a l l y  under l ine  the  key a t t r i b u t e s  and w r i t e  such a  r e l a t i o c  
scheme a s  R ( A ~  A2 ... Am Am+l ... An); i n  t h i s  case  i t  is t o  be 
----
understood t h a t  A = { A I ,  ..., An] and K = A . . We 
w i l l  occas ional ly  r e f e r  t o  such an R a s  an n-ary re l a t io r .  
scheme. Tne a t t r i b u t e s  Am+l, . . . , An a r e  r e fe r rad  t o  a s  r o l e  
a t t r i b u t e s .  
To eay t h a t  K - {KI , K2, . . . , ~ m f  is a  key o f  scheme R is  
to eay t h a t  any v a l i d  r s l a t i o n  r on R h a s  t h e  proper ty  t h a t  f o r  
any d i s t i n c t  t u p l e s  t-1 and t-2 i n  r ,  t-1 (K) # t-2 ( K )  , and no 
proper e u b e t  o f  K bas t h i s  proper ty .  
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-76 
rage  4 
Tins va lues  f o r  t h e  a t t r i b u t e s  come from a s e t  D o f  domains, 
D {DI, D2, ..*, ~ k ] ,  each Di any non-empty s e t .  Ve l e t  UD 
deno t r ?  t h e  unioc of  t h e  ss domains, i ,e. 
UD = D t  u D2 ... Dk. 
I n  o rde r  t o  r e l a t e  t h e  a t t r i b u t e s  with t h e i r  domain, r e  
assume t n a t  U is t h e  s e t  o f  a l l  the  a t t r i b u t e s  i n  t h e  da tabasa ,  
a r d  t h a t  t h e r e  i a  a  funct ion  DOM: U ---> D which maps each 
a t t r i b u t e  oc to  its correepending domain, i .a. ,  D O M ( A ~ )  is t h e  
domain o f  t h e  a t t r i b u t e  A i .  
F i c a l l y ,  we say  t h a t  a  r e l a t i o c  r on r e l a t i o c  scheme 
- 
R = <A, K> is a  f i c i t e  s e t  o f  mappings f ti? , t-2, . . . , t-L] where 
each t-i  is a f u c c t i o c  f roa  A  t o  UD such  t h a t  
t - i ( ~ - j )  f DOM(A-j) f o r  a l l  t-i 6 r and a l l  A - j  6 A. Tne 
c0nst ra i r . t  t h a t  K = ( A ( ,  . . . , Am] is a  & o f  scheme R meacs 
t n a t  acy  v a l i d  r e l a t i o c  r on R has  t h e  propsr ty  t h a t  f o r  aEy 
d i s t i c c t  t u p l e s  t-i acd t-j ic  r ,  t - I ( K )  f t-2(K), and no 
proper subss t  o f  K has  t h i s  propsrty.  
For a  r e l a t io r i  r o c  R = <A,K>, i f  X C A and t 6 r, by 
t ( ~ )  we s h a l l  mean t h e  r e s t r i c t i o n  of t t o  X .  Ya sometimes w i l l  
use the  n o t a t i o c  t ( ~ )  t o  mean t ( ~ ) ,  i.8. we w i l l  use t h e  name 
o f  t h e  scheme, R ,  t o  s tand f o r  tha  s a t ,  A, o f  a l l  of its 
a t t r i b u t e s .  
Ye assume t h a t  t h e  r eader  is f a m i l i a r  v i t h  t h e  usual  
r e l a t i o n a l  opara t ions ,  p r o j e c t  , s e l e c  t and j o i n  g iven r e l a t i o n s  
r on ~ c h a n e  R and s on schame S: 
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$ X ( r ) ,  is t h e  r e l a t i o n  r* on X, such t h a t  
r = f t ( ~ )  : t (S: rj; 
Ai*a (r), is t h a  r e l a t i o n  r* en  s c h w e  R, such t h a t  
r' - { t  : t r a n d  t ( ~ - i )  - a ] ;  
r W 8, is t h e  r e l a t i o n  q on Q - B U S , such t h a t  
q - { t : t h e r e  a r e  t u p l e s  t-r r and t-s C s 
set.  t-r * t ( ~ )  and t-s * t ( ~ )  1. 
I f  r i s  a r e l a t i o n  on R and X and Y a r e  subse t s  o f  R, theri 
r s a t i s f i e s  t h e  fwic t ioca l  dependency - (FD) X ---> Y i f  f o r  any 
value x ,  $ Y ( 4 X-r ( r }  ) has a t  most one t u p l e .  
B. Ent i  ty-Relat ionship Semantics 
Ye have adopted the  e n t i t y - r e l a t i o n s n i p  view o f  d a t a  
s e m m t i c s  [ ~ n e r ,  19761 a s  applied to  the  r e l a t i o c a l  model f o r  two 
maic reasons. F i r s t ,  t h e  c o c s t r a i n t s  t h a t  thil 
e n t i t y - r e l a t i o n s h i p  model makas upon t h e  database  view o f  ac 
e n t e r p r i s e  saam "na tu ra l  ." S c o n d  , e n t i t i e s  acd r e l a t i o c s n i p s  
a r e  very c l o s a l y  analogous t o  kinds of o b j e c t s  contained it t h e  
model theory o f  our  l o g i c .  Since !¶or,tagua's In tens iona l  Wodel 
Tnaory and Cnec's Ent i ty-Rela t ionship  Hodel a r e  two i n d e p e d e ~ t  
e f f o r t s  t o  c h a r a c t e r i s e  raal-world semantics,  t h e  s i m i l a r i t y  i n  
some o f  t h e i r  concepts  s t r eng thens  t h e i r  i n t u i t i v e  a p p a l .  Tne 
following d e f i n i t i o n s  r e l a t e  t h e  e n t i t y - r e l a t i o n s h i p  model t o  
tha  r e l a t i o n a l  da tabase  model; i n  [ ~ l i f f o r d  & Warren 1981 ] we 
present  a s e t  o f  h i s t o r i c a l  e n t i t y - r e l a t i o n s h i p  c o n s t r a i n t s  t h a t  
expand the  model to i nc lude  a  cbnceptioc o f  tima. 
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An e c t i t y  r e l a t i o n  is a  r e l a t i o n  r oc a scheme R of t h a  
form ( ~ f  - A t  . . . Ax) whara Kf is the  key and any k-value fo r  KI 
uniquely determines  tha  v d u a s  f o r  each o f  the  Other a t t r i b u t e s .  
(This  e s s a n t i a l l y  meane t h a t  each e n t i t y  r e l a t i o n  is i n  BCHF; 
s e e  [~ l ln ra r i  t%0] f o r  a d iscuss ion. )  I n t u i t i v e l y ,  a  Kt -valua k 
uniquely  i d e n t i f i e s  some a n t i t y  o f  i n t e r a s t  t o  the  da tabasa ,  and 
each Ai-value asedcia ted  with k  g i v e s  one o f  k * s  a t t r i b u t e s .  We 
use t h a  n o t a t i o n  t-k t o  denote the  t u p l e  whosa key valua  i s  k. 
A r e l a t i o c s h i p  r e l a t i o n  ie a  r a l a t i o n  r on scheme R o f  thz  
form (KI -- . ..Kn A t  . . . Am) where K . . . , is  tha  key and 
de te rmi res  thi! v a l u e s  o f  tha  o t h a r  a t t r i b u t w .  I n t u i t i v e l y ,  a  
<Kf, ..., Kn>-value < k ? ,  ..., kn> represen t s  a r  n-ary 
r e l a t i o n s h i p  aaocg the  n  e n t i t i e s  k1 , . . . , k c ,  and each Ai-value 
assoc ia ted  with k . , k n  g ives  an a t t r i b u t a  of t h a t  
r a l a t i a n e h i p .  
C. I n t e c s i o n a l  Logic 
Ic t h i s  s e c t i o n  wa in t roduce  enough concepts  of i n t e n s i o n a l  
l o g i c  a s  w i l l  make t h e  rest of t h i s  papsr  i n t e l l i g i b l e ;  f o r  
more information we racmmend [ D O W ~ ~  t981] a s  a r  e x c e l l e n t  
in t roduc t ion  be fo re  at tempting Wontagua* s extremely t e r s e  
p resan ta t ion  [ ~ o n t a g u a  $913 1. 
IL-s is e typi?d, higher-order  lambda-calculus incorpora t ing  
index ica l  eemactics. It is typed: every  expraes ion i n  IL-s has  
an rreeociated type, which detennines  what kind o f  o b j e c t  ic t h e  
in tens iona l  model f o r  the  language can ba assigned to i t  by an  
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i r t e r p r e t a t i o n  funct ioc  a s  its denotet ion.  It is higher-order: 
w l i k e  f x s t - o r d e r  languages wnich al low q u a n t i f i c a t i o n  only 
o v e r  i n d i v i d u a l s ,  o r  sacond-order languages which allow 
q u a n t i f i c a t i o r ,  o ~ l y  over  ind iv idua l s  p lus  s e t s  of ind iv idua l s ,  
IL-s a l lows q u a n t i f i c a t i o n  over v a r i a b l e s  o f  every  type. It i s  
a lambda-calculus: i t  provides a lambda opara to r  which al lows 
tine f o m a t  ion  o f  exprass ions  denoting constructed f l n c  t i o n s  o f  
a r b i t r a r y  typa ( s e e  [church 1941 1.) ( ~ e a d e r s  f a m i l i a r  w i t h  the  
programmicg lareuage  LISP [ ~ c ~ a r t h ~  19621 a r e  f a m i l i a r  with t h e  
genera l  c o ~ c a p t s  o f  lambda-abstractioc. F i n a l l y  i t  incorpora tes  
i n d e x i c a l  samactics  by i c c l u d i r g  ir the  syctax express ions  o f  a 
type wnosa i n t e r p r e t a t i o r ,  is a s p c i a l  s e t  of i n d i c e s  o r  s t a t e s ,  
and by having a model tneory t h a t  i s  based upor. a poss ib le  
worlds/krrnporal ( o r  indexica l )  samantics. 
A f t e r  t h a t  b r i e f  summary, we proceed with t h e  fo l lou icg  
d e f i n i t i o n :  
T'ne s e t  of Types f o r  IL-s is the  smal l e s t  s a t  T such t h a t :  
1 e ,  t and s a r c  i n  T, and 
2. i f  a ,  b T, than  <a,b> Q T. 
The i r t e r p r e t a t i o n  funct ion  for  t h e  language a a s i g c s  t o  
express ions  of type e ( f o r  e n t i t y )  i n d i v i d u a l s  i n  t h e  model; t o  
express ions  o f  t y p  t ( f o r  t r u t h  va lues)  One o f  t h e  t r u t h  valuers 
-
0 ( ~ a l s e )  o r  F  rue); t o  express idns  4 f  typa e ( f o r  s t a t e s )  
s t a t e s  o r  p o i t t s  Of raference;  and to express ions  o f  type <a,b> 
eome f u n c t i o t  from o b j e c t s  i n  t h e  model O f  typi! a t b  o b j e c t s  o f  
typa b. 
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We s h a l l  n o t  p r e e n t  t h e  complete syntax of  IL-s, fo r  the  
examples h e r e i n  use only a  por t ion  o f  t h e  language. Instead we 
stress t h e  fol lowing points :  
1. IL-s c o n t a i n s  a r  i n f i n i t e  number o f  v a r i a b l e s  o f  t h e  form 
v-n,a f o r  each t p  a  and n a t u r a l  number n, and a  set of 
c o n s t a n t s  C-a, poss ib ly  empty, f o r  aach typa a .  
2. IL-s c o r t a i n s  t h e  usual  t r u t h  func t iona l  opera to r  -1 
( n o t )  , and t ru th-funct ional  connactivea /\ (and) , \/ ( o r )  , 
--> (ma te r i a l  impl ica t ioc )  , < -  (mutual m a t e r i a l  
i m p l i c a t i o n ) ,  a s  w e l l  a s  * ( equa l i ty )  and the  order ing  
relstior symbol < ( * p r i o r  to"). 
3.  IL-s c o n t a i n s  t h e  u r i v e r s a l  and e x i s t e n t i a l  q u a c t i f i e r s ,  v and 3 * r e spac t ive ly .  
In  a d d i t i o c  t o  t h e  usual  r u l e s  o f  f o r m a t i o ~  a r e  t h e  
1 ,  i f  A i s  a n  expressior,  o f  type <a ,b> and  B a c  express ioc  of  
type  a ,  tnar, A(B) is an exprecssior, of typz b ,  and denotes 
t h e  r a s u l t  o f  applyicg tne  fuEc t ioc  decoted by A t o  the  
o b j e c t  denoted by B a s  a r g u m s ~ t .  
2. i f  x is a v a r i a b l e  of  type a ,  ar,d B ar, expressior,  o f  type b ,  
tber. A x B i s  ar. e x p r e s s i o ~  o f  type <a ,b> ,  and denotes  a  
p a r t i c u l a r  f w c t i o r .  from o b j e c t s  o f  type a  t o  o b j e c t s  o f  
type b. 
It is t h e  model theory o f  IL-s t h a t  is o f  most i n t e r e s t  t o  
us here .  A model M f o r  the  language IL-s i s  a c  ordered 4- tuple  
M = <E,S,<,F> uhere: 
1. E is a non-empty s e t  ( t h e  s e t  i)f b a s i c  e n t i t i e s )  
2. S is a  Eon-empty set  ( t h e  s e t  of s t a t e s )  
3 .  < is a  l i n e a r  order ing  on S ( t h i s  g i v e s  t h e  i r t e r p r e t a t i o ~  
of t h e  " p r i o r  to" symbol < i n  t h e  language) 
4. F  is a  func t ion  which a s s i g n s  t o  each cons tan t  c-a € C-a 
an  elmefit i n  D-a, t h e  s e t  o f  p o s s i b l e  deno ta t ions  of 
expri?cssions o f  type a ,  which is defined r e c u r s i v e l y  over  the  
o e t  o f  Types T a s  follows: 
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Tne fol lowiy:  simple example ehould he lp  t o  brea the  a 
l i t t l e  l i f e  i n t o  these  d e f i n i t i o n s .  Aseume a language with the  
fol lowing cons tac t s  : 
P e t e r ,  Liz, E l a i e ,  and THE BOSS Of type < e v e > ,  
??, 78, 79, 80, and 811 of Type 6, and 
P IP  o f  type <s,<e, t>>,  
and t h a t  our model # = <E,S,< *F> is defined a s  follows: 
E = { ~ s t e r ,  Liz ,  ~ l s i e ]  
s = ( t~g77,rgm99,t7 90,tgslf 
with < tine obvious order ing  on S. 
Assume t h e  i c t e r p r e t a t i o c  func t ioc  F makes t h e  obvious 
assignmects t o  t h s  s t a t e  c o n s t a c t s ,  and i n t e r p r e t s  t h e  o t h e r  
c o c s t a c t s  a s  follows: 
P e t e r  ! 
P e t e r  ; 
-P e t e r  f 
P e t e r  f 
-
P e t e r  f 
I E l s i e  I 
-
E l s i e  I 
- 1  
E l s i e  I 
- 1  
E l s i e  '/ 
E l s i e  t 
-
I f 1977 --> L i z  I 
-I 19'78 --> L i z  I 
- I 1 1979 --> L i z  I 
- I 1 1980 --> L i z  I 
-f 1 9 6 1  --> - L i z  t 
Tnese funct ions ,  from s t a t e s  t o  i n d i v i d u a l s ,  a r e  c a l l e d  
individual  concepte (ICE) : t h e y  a r s  ictended t o  r ep resen t  t h e  
eenee O f  a  name, a i n c e  they "pick out" thi! ind iv idua l  r e fe r red  
-
to by t h e  name a t  every  index. Tne I C E  above a l l  s h a r e  t h e  
a d d i t i o c a l  property o f  being constant  ICs ( o r  r i g i d  
-
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d e s i g ~ a t o r s )  
ind iv idua l .  
F(THE - BOSS 1 
Compare 
each s t a t e  S i  they pick 
how F i n t e r p r e t s  the  constac 
t 
-> - L i z  , 
--> Pe t e r  1 
--> Pe t e r  ) 
--> Pe t e r  j 
--> E l s i e  I 
out t h e  
.t THE - BOSS 
same 
. 
This  funct ion i s  a l s o  an  I C ,  but  i t  i s  no t  constant .  Ye w i l l  
r e l a t e  t h i s  d i s t i c c t i o n  between constant  and unconstrained I C s  
t o  the  database concepts bf key and non-key a t t r i b u t e s ,  
respect ively .  We can th ink  of t h i s  functior. a s  represent ing the  
r o l a  Of the  boss: i t  t e l l s  who fi l ls t h a t  r o l e  i n  every s t a t e .  
-
The  i c t e r p r e t a t i o n  o f  P IP  is a funct ioc  which, f 6 r  a r y  s t a t e ,  
picks out  a s e t  o f  i nd i v idua l s  ( v i r .  t h e  MPloyees i c  t h a t  









Such a fur,ction is ca l l ed  a p rops r t y  o f  individuals .  
Rather than giving the  semantic r u l e s  f o r  I L - s  which, f o r  
each express io t  A, d e f i c e  tne  ex t ec s io t  of  A with ri?spzct t o  a- 
model P a  s t a t e  i and a va r i ab l e  assignment &, we provide some 
-A_---- 
examples. Consider t h e  expression EXP(?~). Since MP is of 
t y p ~  < s , < e , t > >  and 7 8  is o f  type s, t h i s  express ion is 
well-formed and is o f  type < e , t > .  Its i n t e r p r e t a t i o n  is given 
by a p p l y l w  the  funct ion which is t h e  i n t e r p r e t a t i o n  of E24P t o  
the  i n t e r p r e t a t i o n  o f  78, v i z .  1978: 
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{peter ,  I&)
Thus ue see  t h a t  the in te rpre ta t ios  ru les  give the expected 
meaning to ~ P ( 7 8 ) .  v iz .  Peter and L i z  a r e  the EIiaPloyees i n  
1978. Consider now the expression E M P ( ~ ~ ) ( E ~  s i e )  , of  type t. 
Tne denotation of t h i s  expression is  "computed" by "applying the 
aitt" {pe t e r ,  - ~ i z ]  (considered a s  a charac te r i s t ic  function) t o  
tne argumect Els ie  t o  obtain the value 0 ( ~ a l e e ) ;  i .e . ,  Els ie  
is not  a c  PIPloyse i n  1978. 
F ica l ly ,  we consider an example t h a t  makes e x p l i c i t  
referecce to  time, the  formula which t r ans l a t e s  the  sectence 
"Eleie was the boss": 
3 i[ [i < - now] /\ THE -  BOSS(^) ( ~ l s i e ) ]  
If we assume t h a t  now (of type s) is ioterpreted a s  1981, 
t h i s  fonnula is True ju s t  is case a t  some time i p r io r  to 1 9 8 1  
Els i e  was " thi? bossen With respse t  t o  tine model M t h i s  fonnula 
is False,  and the inductive def in i t ion  of the  i n t e rp re t a t i on  of 
the language IL-6 makes t h i s  formula denote 0. 
111. Motivation and Ioformal Semactics. 
Tne r e l a t i ona l  databaee model prop0sed i n   odd 1970] vievs 
a database a s  a cb l lec t ion  of " t imevarying r e l a t i ons  o f  
assorted degrees" [c'nang 1 9781. However the model i t s e l f  
incorporates ne i the r  tne concept of  time nor  any theory o f  
temporal semantics. We bel ieve t h a t  the concept o f  time is o f  
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i c t e r e s t  i c  real-world databases, and s h a l l  present a technique 
f o r  incorporating a aaiiantics of  time i n t o  a database model. 
Although we use the r e l a t i ona l  mbdel for  t h i s  purpose, i t  is not  
an e s s t n t i a l  ingredient i n  the work discussed. 
Host cotvectional databases a r e  s t a t i c ,  representing a 
a a p s h o t  view of  the  world a t  a given momert i n  time; changes 
i n  t he  r e a l  world generally a r e  reflected i n  the  database by 
cnarges t o  its da t a ,  thereby "forgett ing," a s  i t  werit, the  old 
data. By con t r a s t ,  an h i s t o r i c a l  database is a model Of the 
dynamically changing rea l  world. Cnanges i c  the r ea l  world a re  
re f lec ted  i n  such a database by es tabl ishlyg a new s t a t e  
desc r i p t i o c ;  no data is ever "forgotten." A s  sucn the 
h i s t o r i c a l  database cac be viewed i c t u i t i v e l y  a s  a co l lec t ion  bf 
s t a t i c  databases organized i n  a conerect fasnioc.  Tnis paper 
provides a t  overview of such an orgacizat ioc,  a discussion of 
the  usefulcess o f  the  h i s to r i ca l  database coccept f o r  mode1lixi-g 
the r e a l  world ( o r  sbme "possible world") more c lose ly  than with 
a s t a t i c  database,  and a discussion of  the semantics of  the 
database model ir terms of  the model tineory Of IL-8. For a good 
Overview o f  the  i s sues  involved i n  incorporating a temporal 
d i m e ~ s i o c  ir, databases we recommend [~ubenko 19771. 
In brder t o  motivate both the incorpbratibn Of time ink ,  a 
database mbdel, and the par t icu la r  fonndism tha t  we propose, we 
turn  t o  a pa r t i cu l a r  database appl icat ion t o  provide concrete 
examplea. Consider a s t a t i c  database wi th  a r e l a t i on  emp-re1 on 
scheme P IP  - REL(EMP -M C R  SAL DEPT). A typ ica l  query t o  such a 
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ref a t i o x ,  of the  s o r t  t h a t  has beec t r ea ted  it the  l i t e r a t u r 3 ,  
might be:  "Knat is  employee Jonx's  sa lary?"  Ic the  r e l a t i o c a l  
a lgebra  t h i s  would be expressed 
a s  T S A L  ( 4 EIP=Johr ( r p  -r a l ) )  , acd ic a  f i r r t - o r d e r  
1 ariguage a s  somethicg l i k e  
( z 1 3 x 3 y  emp - re1( Johc ,x z) 1 where x,  y , acd e a r e  
i c d i v i d u a l  v a r i a b l e s  acd Johc is  a c  i cd iv idua l  cocs tac t .  To 
aeswsr such a  query, a  Data Pacipula t ioc  Lar.guage (DEL) simply 
a c c e s s s s  the  r e l a t i o c  i c s t a r c e  emp re1  ot EMF r e f ,  such a s  the  
- - 
ox? ir  Flgure 1 .  Ir r e c e r t  database l i t e r a t u r e  (e .g .  [ ~ i c k t r  
19781, [ ~ e i t e r  19781, [ ~ n a r g  19781) such a  r e l a t i o c  ic r tar -ce  has  
beer  termed the extersior .  of the  r e l a t i o r  schese E34P - r a l ,  a  term 
borrowsd from log ic .  
Tne r e l a t i o ~ a l  model, acd i t s  i x t e r p r e t a t i o c  a s  a r  applied 
f i r s t - o r d e r  l o g i c ,  is wall-suited t o  quer i e s  o f  t h i s  s o r t .  
However, o r e  c a r  e a s i l y  imagice o t h e r  s o r t s  o f  quer i e s  t n a t  
casua l  u s e r s  might wart t o  ask about the  employees i c  t h i s  
compacy, e.g.: 
"Has Johr * s s a l a r y  riser.?" 
"Knee was Peter  re-hired?" 
"Did Rachel work f o r  the  toy departmect l a s t  year?" 
"Has Job. ever earced the  same a s  Peter?" 
Such time-depecdect ques t iocs  a r e  t o t  h a ~ d l e d  by t h e  theory 
of e t y  o f  the  " th ree  g r e a t  d a t a  models;" icdeed they have oc ly  
r e c e ~ t l y  begur- t o  rece ive  a t t e c t i o c  w i t h i c  the  database 
l i t e r a t u r e  ( [ ~ u b e c k o  19771, [ ~ i c o l a s  & Y a z d a ~ i a c  19793, 
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[ ~ a s a e o v a  & Bercs te ie  19791, [ l a i c e  e t  a l .  (9791, [sereadas 
1980], [ ~ l o ~ r o g g e  1981 1, arid [ ~ r i a v  19821 a r e  amocg the recec t  
papers t h a t  d i scuss  from various po ic t s  of  view tne need f o r  a  
temporal semartics f o r  databases) .  How cae we incorporate a  
temporal compocect i ~ t o  these da ta  models so t ha t  ( a )  the model 
provides a  b u i l t - i c ,  uniform troatmect of  the pnecomecoc o f  time 
acd (b) t h i s  t reatmect accords with our i c t u t i o c  about how time 
i c t e r a c t s  with the  e c t i t i e s  and re la t iocsh ips  t ha t  we perceive? 
The success o f  f i r s t - o rde r  log ic  a t  providicg a 
f o m a l i z a t i o c  of the  semaetics o f  the r e l a t i o c a l  model suggests  
t h a t  i t  mignt prove equal ly  successful  here. Wny c o t  simply 
take  a s  our m i v e r s e  a  s e t  coc ta ic icg ,  i c  add i t ioc  to  a l l  of  the 
e c t i t i e s  of  i c t e r e s t  t o  the database ec t e rp r i s e ,  a l l  of  t h s  
times a s  well? Tnis approach i c  e f f e c t  would lead us e i t h e r  t o  
a  sorted f i r s t - o rde r  l o g i c ,  o r  equivalect ly  t o  tne i t t r o d u c t i o r  
of p red ica tes  (such a s  ENTITY aed TINE) t o  d i s t i cgu i sh  betweec 
these  two k i ~ d s  o f  ob jec t s .  k'e be l i eve ,  however, t h a t  such a c  
approach obscures the  fwr.damer.ta1 "d i f fe rec teess"  of time. Time 
i s  c o t  j u s t  acotner  s o r t  o f  e e t i t y ;  i t  is  r a t h e r  a  po ic t  o f  
re fe recce  with respect  t o  which a l l  o the r  decoticg expressiocs 
rece ive  a c  i e t e r p r e t a t i o ~ .  IE o the r  words, without i c tecd icg  to  
beg the  quest ioc  by t h e  use of "loaded" tennicology, time i s  a s  
d i f f e r e e t  i c  type from ac  e c t i t y  such a s  a  persoc, a s  a  persoc 
i s  o f  a fur.damectal1y d i f f e r e c t  type from the t r u t h  value 
"False." And so while i t  i s  perhaps teciu=ically f e a s i b l e  ( s e e ,  
e.g., [ ~ o l o u r  1981 1) t o  provide a c  accouxt o f  the  somartics o f  
ac  h i s t o r i c a l  r e l a t i o c a l  database by eccodicg time i c t o  the  
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u r i v e r s e  of o b j e c t s ,  we s t r o r s l y  sugges t  t h a t  t h e  use o f  a  
temporal  l o g i c ,  wi th  a  b u i l t - i r  acd fundamectal d i s t i c c t i o e  
betweec t ime  ard e c t i t i e s ,  i s  mort app rop r i a t e .  
Tnere  a r e ,  o f  cou r se ,  macy cho ices  f o r  such a  temporal 
l o g i c  ( s e e  [ ~ e s c h e r  & Urquhart  1971 1, e.g.) .  Ir, [ ~ l i f f o r d  19821 
w t  p r e s e c t  argumects f o r  our  choice  o f  t h e  I r t e c s i o c a l  Logic 
( IL )  framework o f  Richard Mo~tague ,  argumects havicg t o  do wi th  
i t s  a p p l i c a t i o c  a s  a  t a r g e t  lacguage f o r  a  ~ a t u r a l - l a r a u a g e  
f r o r t - e c d  query processor .  
Let  u s  c o ~ s i d e r  more c l o s e l y  t h e  query "Has J o k e s  s a l a r y  
r i s x ? "  Ever with t ime r e p r e s e r t e d  e x p l i c i t l y  i c  t h e  d a t a b a s e ,  
t h e r e  i s  r o  apparec t  s i m ~ l e  r e l a t i o c a l  a l g e b r a i c  f o r m u l a t i o r  f o r  
t h i s  query. W i t h  t h e  f i r s t - o r d e r  r t p r e s a ~ t a t i o r  f o r  Johc '  s 
s a l a r y  g i v e z  abovs, a s  a  first gues s  we might imagice t h a t  
RISE(/ z I 3 x 3 Y emp - r e l ( J o h c , x , y , z )  1) would r e p r e s e r t  
t h i s  Rev query,  where RISE is a  p r e d i c a t e  symbol. How~ver  e v e r  
w i t h  ax  FD t h a t  ecsured t h a t  Johc had o c l y  o c e  s a l a r y ,  s a y  25K, 
i t  c l e a r l y  makes t o  s a r s z  t o  a sk  whether 25K "rises." To acswer 
t h i s  q u e s t i o r  more d a t a  is ~ e e d e d  t n a c  t h e  c u r r e r t  e x t e c s i o c  o f  
J o h r ' 6  s a l a r y :  t h e  v a l u e s  o f  JoM.'s s a l a r y  f o r  some o t h e r  
p o i c t (  s )  o  f  t ime  a r e  ceeded. Tne e x p r e s s i o c  
( z  1 3 r 2 y emp - r e l ( Johc ,x ,y . e )  1, t h t r ,  h a s  two v e r y  
d i f f e r e c t  m e a r i r ~ s  i n  t h e s e  two q u e r i e s .  Tne s imp le  query  
1 z 1 3 x 3 y amp - r e l (  ~ o h r ,  ,x ,y ,  z) 1 der,o t e ~  t h e  ex t e n s i o c e l  
v a l u e  25K, t h e  s a l a r y  t h a t  Johc is makicg now. Tne secocd 
-
query,  however, is c o t  t o  be  i c t e r p r e t e d  a s  a s k i c g  R I s E ( ~ ~ K ) .  
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Some o t n e r  m e a ~ i c g ,  i c v a l v i c g  mora t h a r  t ne  c u r r e r t  ex t ecb ioc  of  
J o n c ' s  s a l e r y ,  must be g i v e c  t o  J o n c ' s  s a l a r y  i o r d e r  t o  
de t e rmice  whetnsr  t h e  p red ica t e  RISE i s  t r u e  of i t .  Ws suggebt 
t h a t  such  t n i c g s  a s  SALaries, be  i d e c t i f i e d ,  c o t  with i c d i v i d u a l  
e c t i t i e s  (b's), but  with e c t i t i e s  ( $ ' s )  i t n e  r o l e  o f  a r  
EM",foyse's s61ary.  Tne s a l a r y  o f  a r  i r d i v i d u a l  employse is riot 
a c o t n e r  icd iv idu:~l ,  bu t  r a t h e r  ax i c d i v i d u a l  coccept ,  whose 
e x t e t e i o ~  depecds upoc t n e  s t a t a  a t  xnlcn i t  is eva lua ted .  Sucn 
a c  o b j e c t ,  whose e x t e ~ s i o c  i s  d e p c d e r - t  upoc t h e  s t a t e ,  i s  sa id  
t o  be " i t t e c s i o c n l . "  ( ~ n e  t e r n s  e x t e r s i o c  acd i c t e c s i o c  a r e  
 give^ formel d e f l c l t i o c s  i c  i r t a x s i o r - e l  l o g i c .  Tney should r o t  
he  cocfused wltn t h e i r  usage i r .  some da tabasa  papers  wnere the  
term " i t e s i o ,  e . & .  i r ,  [ ~ e i t e r  197@], i s  used t o  r ~ f e r  t o  
axioms wnich col :;LYrtiir th;! s e t  o f  poes ib l e  mod i r l~  f o r  tk2 
da tabas? . )  I t  is h e l p f u l  t o  t h i c k  o f  t n e s s  ICs a s  f i l l i c g  e  
r o l e ;  a t  axy mo2eet o f  t ime the  r o l e  o f  so-aed-so ' s  s a l a r j  
n i g h t  be f i l l e d  by ar. epp ropr i a t*  d o l l a r  arn0w.t. 
For example, suppose t h a t  wi? a r e  i c t e r e s t e d  ir-  m a i c t a i c i ~ g  
a  y e a r l y  record o f  t h e  m p  - r e 1  r e l a t i o r . ,  s a y  f o r  t h e  period of 
t n r  l a s t  f i v e  yea r s .  I f  we d e f i c e  a  s a t  o f  t imes ,  s a y  
S  = { I  977, 1978, 1979, 1980, 1981 ) ,  a s  t h e  complete s e t  o f  
i n d i c e s  o r  p o i r t s  o f  r e f e r e c c e  o f  i c t e r e s t  t o  u s ,  t h e e  t h e  
i c t e n s i o r  o f  a r ime ic  ou r  lacguage w i l l  b e  a f u c c t i o c  from t h i s  
s e t  S t o  i c d i v i d u a l s  ic t h e  model. Thus, c o c s i d e r i r g  t h e  
employee Johc we might have t h e  i c t e ~ s i o c s  dep ic t ed  i f i  F igure  2 
f o r  t h e  cames " Johr. ," "Departmect-of-Johr." acd "Salary-of-Johr," 
(assmir ,g  f o r  t h e  momext some l i c g u i s t i c  mecnacism f o r  
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c o c s t r u c t i c g  t he se  caqes)  . Tne f u c c t i o ~  t h a t  is t h e  i c t ec s io r .  
o f  "Dapartmect-of-Johr.," f o r  i c s t a c c e ,  rey ; ressc t s  t h e  r o l e  of 
-
J o h c ' s  departmerit acd t e l l s  what departmeet  "fills*' t h a t  r o l e  ir. 
eecn  s t a t e .  We c a c  cow imagice a M<L t h a t  could e x a m i ~ e  such a 
d a t a b a s e  acd proviae  a c  a f f i r m a t i v e  acswer t o  our  query "Has 
Johc '  s s a l a r y  r i s e c ? "  
Supposs t h a t  a c  ec t e rp r i t i e  witines t o  m a i c t a i c  a c  h i s t o r i c a l  
databat ia ,  c o c t a i c i c g  tn2 e r t i t y  r e l n t i o c  scn+me EM? r a l ,  acd 
- 
f u r t h e r  suppose t h a t  a t  t h r e e  d i f f e r e c t  p o i c t s  i t ime t h e  
s t a t i c  r e l a t i o c  i r s t a r c e s  ernp r s l -1 ,  emp r s l - 2 ,  ar-d emp r a l -3  i r  
- - - 
( ~ i ~ u r e  3 ) r s p r e ~ e c t 2 d  tna  r e a l  world s i t u a t i o c .  Tnac t n i s  
h i s t o r i c a l  i c f o r n a t i o c  c a r  e a s i l y  be eccoded i r - to  a s i c g l e ,  
h i s t o r i c a l  r e l a t i o c  by ex t eed i ce  t i l e  r s l a t i o c  scneme t o  i c c l u d ?  
ar: a t t r i b u t e ,  c a l l  i t  STATE, t o  " t i re-s tamp" each t u p l e ,  ecd 
th2c  mergicg t n ?  t n r e ?  r e s u l t i c g  r e l a t i o c s .  However, t h e r e  is 
aL a c d i t i o c a l  problen. t h a t  w? must s o l v e :  s o z e  WFloyees  e r a  
r o t  r2preber:ted ir- every s t a t e .  For example, Jon r  i s  c o t  a c  
E3:?loyee i c  s t a t s  33, acd tnr? re fore  t h e r e  is no t u p l e  f o r  Joi,r, 
i c  t n i s  r e v  r e f a t i o c .  Giver tne qu+ry "Vnat is J o n r ' s  s a l a r y  i c  
ST?" we would wact ou r  model t o  g i v e  us t h e  power t o  s a y ,  c o t  
t h a t  t h e r e  is  c o  such employee, bu t  r a t h e r  t h a t  Johc does  c o t  
work f o r  u s  ic S3. Ic o t h e r  words, t h e  q u e s t i o n  o f  who " e x i s t s "  
i~ t h e  modelled e z t e r p r i s e  i any g i v e c  s t a t e  becomes o f  
paramourt importance t o  a s u c c e s s f u l  d a t a b a s e  model l icg  o f  t h a t  
e c t e r p r i s e .  Ic o r d e r  t o  nacd le  t h i s  problem w e  i c t roduced  t h e  
concept  of a c o m ~ l e t e d  r e l e t i o c ,  ar'd a c  a d d i t i o c a l ,  
Boolean-valued a t t r i b u t e  EXISTS?. 
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A completed r e l a t i o c  has  a  t u p l e  ir  each s t a t e  f o r  every 
e c t i t y  t n ~ t  is a c  mPloyee i r  - acy s t a t e  ir t h e  e ~ t i r e  de t abase .  
I n  t h i s  way t h e  da t abase  "fol lows" o b j e c t s  acd t h e i r  a t t r i b u t e s  
th roughout  a l l  o f  t h e  s t a t e s  o f  t h e  da tabhse .  To accomplish 
t h i s  we? must de te rmice  a l l  o f  t h s  o b j e c t s  (key v a l u s s )  t h a t  a r e  
r e p r e s a c t e 3  i c  acy r e l a t i o r -  i c s t a c c e .  We i c t r o d u c e  the  c o t i o c s  
o f  t h e  Act ive Key Dornaic (AKII) of  a  r e l a t i o e  i c s t a r c e  a s  t h e  s e t  
-
of a l l  keg v a l u e s  ( e r t i t i e s  o r  r e l a t i o c ~ n i ~ s )  ic  t h e  r e l a t i o x  
i r ,s tar .ce ,  acd f o r  a  s e t  o f  r e l a t i o ~  i r .s tar .ces ,  t n e  Complete 
A c t i v e  - Kt.y Dcmaic (CAKZ,)  a s  t n e  u c i o r  o f  t n z  A K D 1 s  o f  eacn 
i c s t a c c e  ir, t h a  s a t .  Tnus, f o r  example, t h e  CAKD o f  t h e  s=.t o f  
r e l a t i o ~  i c s t a c c e s  i F igu re  3 i s  f ~ o h ~ ,  Mike, E l s i e ,  L i z ,  
Razh?:, P s t e r ,  Sna ro r ,  ~ ? t h ]  : a l l  o f  tn? DfP e c t i t i e s  "kr ,o~~- ."  
t o  t h e  da t abs se .  
Va t h e r  extecd ( c o r c e p t u a l l y )  each r e l a t i o r  i r s t a c c e  s o  
t h a t  i t  h a s  a  t u ~ l e  f o r  ?acn e c t i t y  i c  CAKD, t n e  s e t  o f  a l l  
"pobs ib le"  mFloyees t n a t  a r e  " a c t u a l "  ic  sone s t a t e ,  u s i c g  t h?  
a t t r i b u t e  EXISTS? a s  fo l lows .  If t h e  e c t i t y  k i s  a c  a c t u a l  
e c t i t y  i c  s t a t e  S - i ,  t h e r  i c  t h e  expacded r e l a t i o r -  t h ?  t u p l e  t-k 
r e y r e s e r t i n g  k w i l l  have t -~ (EXISTS?)  = 1 acd a l l  t h e  remaicir-i: 
a t t r i b u t e s  w i l l  r e t a i n  t h e i r  a p p r o p r i a t e  va lues .  On t h e  o t h e r  
hacd i f  k is n o t  a c  a c t u a l  e r t i t y  i c  s t a t e  S - i ,  t h e  t u p l e  t-k 
w i l l  have t-~(EXISTS?) 0, bu t  t h e  d i s t i n g u i s h e d  v a l u s  " 1  - " f o r  
every  o t h e r  a t t r i b u t e  o t h e r  t n a c  STATE. - f i r i d i ca t e s  t n e  
i n a p p l i c a b i l i t y  o f  t h i s  i c f o r m a t i o c  f o r  t h i s  e c t i t y ,  i . e . ,  t n a t  
no i n d i v i d u a l  f i l l s  t h a t  ro l e  f o r  t'nat e z t i t y .  The completed 
r e l a t i o r s  f o r  t n e  emy-re1 i c s t a c c e u  i s  shown i n  F igure  4 ;  we 
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could a l s o  cocsider  the  m i o c  of  these  t h r e e  r e l a t i o c s  a s  a  
s i c g l e ,  h i s t o r i c a l  employee r e l a t i o c .  
Tnese completed re l a t io r i  i c s t a c c e s  provide h i s t o r i c a l  
i c fo rmat ioc  about the  cnacgicg values  o f  the  a t t r i b u t e s  o f  the  
o b j e c t s  decoted by va lues  o f  t h e  key, it t h i s  i c s t a e c e  about 
EXPloyees. Ir o rde r  t o  v i s u a l i z e  more c l e a r l y  what is going o r ,  
we proposed the  p ic tu re  of  a c  h i s t o r i c a l  r e l a t i o c  a s  a  
" three-dimecsiocaf r e l a t i o x " ,  each p l a t e  o f  wnich is a  " s t a t i c "  
o r  p lace r  r e l a t i o c  i c s t a r c e  o r  MP - r e1  f o r  a  g ivec  s t a t e  o f  t h e  
world S-i .  Tne three-dimecsiocal cube r e p r e s e c t a t i o t  o f  the  
completed re l e t io r . ,  such t h a t  the  i - t h  place o f  tne  cube i s  the  
conpleted r e l a t i o z  correspocdicg t o  s t a t e  S - i ,  i s  s h o w  i c  
Figure 5. Ic t h i s  view time is s e e r  a s  addi rg  a  t h i r d  dimersior. 
t o  the  ~ o m a l  f l a t - t a b l e  view of  r e l a t i o e s ,  and we cac  v i s u a l l y  
fo l low t h e  cnacges ic  the  f a c t s  about each BCPloyee through a  
three-dimecsiotal  row of  the  cube. 
A c  a l t e r c a t i v e  view o f  the  e f f e c t  o f  t ime,  ace  t h a t  accords 
more c lose ly  with the  view provided by the  l o g i c a l  model, i s  
propossd i r  Figure 6. Here we s e e  t h a t  e key value  such a s  a z  
EXPLoyee car. be modelled by a  cocs tax t  i c d i v i d u a l ,  wnile tne  
a t t r i b u t e s  o f  ar. PiPLoyee must be  modelled by i n d i v i d u a l  
coccepts  whose value ( e x t e e s i o t )  is  a  f u c c t i o c  o f  t h e  s t a t e .  Ic 
[ ~ l i f f o r d  FC] we d i scuss  how t h i s  view is more appropr ia t e  t o  
providing a  proper t rea tmect  o f  h i s t o r i c a l  r e a l t i o c s  wi th  a  
modified r e l a t i o c a l  algebra t h a t  accords d i s t i cgu iohed  s t a t u s  t o  
t h e  STATE a t t r i b u t e .  
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Several  ger-era1 ca tegor ies  of  assumptiocs were i dec t i f i ed  
i c  [ ~ l i f f o r d  & Warrer 1981 ] t h a t  had t o  be made with respect  t o  
the  temporal comporert o f  an h i s t o r i c a l  database i f  a complete 
ticcouct o f  t he  e c t i t i e s  acd re la t iocsn ips  was t o  be giver,. 
Tnese assumptiors have the  same f l avor  a s  the Closed World 
Assumptior of  Re i te r  ( 1  9781 but a r e  expanded t o  incorporate the 
temporal dimersioc. 
The s i m p l i s t i c  three-dirnecsiocal view of  scapsnot r e l a t i o c s  
i s  obviously icadequste ir the  face  of the  gecera l ly  accepted 
notior. of  - decse time. Two add i t i o r a l  assurnptiors, which we c a l l  
the Conprenecsior P r i c c ip l e  acd the Coct i ru i ty  Assumptior, 
ecab le  us t o  view a c  HDB a s  modellicg a r  e c t e rp r i s e  completely 
over ar. i n t e r v a l  of the  r e a l  time l i c e ,  acd t o  answer such 
c ruc i a l  ques t i o r s  a s  what ob j ec t s  e x i s t  i c  acy s t a t e  s, acd wnat 
a r e  the values  of  t h e i r  r o l e  a t t r i b u t e s  i c  these s t a t e s .  
Cocsider agaic  the  h i s t o r i c a l  e c t i t y  r e l a t i o c  scneme 
EXP - REL(STATE W.P D E E  MGR SAL) ,  acd a r  ins tacce  deficed f o r  the 
--7
sequerce of  s t a t e s  <S1, S2, ... , S7>. Tne f i r s t  a s s u ~ p t i o r  
about acy sucn re la t io r -  is t n a t  i t  is  ictecded t o  model ElvIPloyee 
e x t i t i e s  over the  e c t i r e  closed i r t e m a l  of time [St , ~ 7 ] .  Sicce  
w d e r  tne most reasor-able views o f  time t h i s  i r i t e rva l  is 
cocsidered t o  be decss ,  t he  be s t  t h a t  acy f i c i t e  r e l a t i o e  cac  do 
i s  provide a t;imulatior of  t h i s  i t f i c i t e  s e t  o f  momexts o f  time. 
It does t h i s  by meacs o f  a sequecce o f  snapshots,  i n  t h i s  case 
takec a t  each momert i c  the  sequecce <S1 ,  ..., S7>. Because 
t h i s  seems t o  be the  ac ly  reasocable i c t e r p r e t a t i o c  t o  p lace  oc  
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a r y  h i s t o r i c a l  database t h a t  records f a c t s  over  some i t t e m a l  of 
-
t ime, we s t a t e  i t  a s  the  following p r i cc ip le :  
Def ic i t ior . .  
The Comprehecsior. P r i c c i p l e  s t a t e s  t h a t  under axy reasocable  
i c t e r p r e t a t i o c  a c  h i s t o r i c a l  database defined over a sequence o f  
s t a t e s  <S1, 52, . . . , Sc> should be cocsidered a s  modellicg a c  
e c t e r p r i s e  completely over the  e c t i r e  closed i c t e m a l  [SI  , SC] . 
Any acd a l l  i t f o r m a t i o r  about the  o b j e c t s  o f  i c t e r e s t  t o  the  
e ~ t e r p r i s e  c a r  be assumed t o  be coctained ic  o r  implied by t h e  
h i s t o r i c a l  databas3 f o r  the  e c t i r e  i c t e m a l  f 51, 5x1. Moreover, 
f o r  ar.y s t a t e  S c o t  i c  the  i c t e r v a l  [SI  ,st], a s  f a r  a s  the  
database i s  "coccerced" e c t i t i e s  o r  r s l a t i o c s h i p s  e x i s t ,  acd 
I the  value of  - a l l  I C s  i s  - ,. 
Oxe a rea  f o r  f u r t h e r  research would be the  r e l axa t io r*  of 
t h e  sec0r.d p a r t  o f  t h i s  p r i c c i p l e ,  perhaps with the  i c t r o d u c t i o c  
of a mary-valued l o g i c .  Future work might a l s o  incorpora te  
o t n s r  so-cal led "cull-values" ( i ~  a d d i t i o c  t o  "I")  - a s  a formal 
cul l-value semactics  is developed ( s e e  [ ~ o l d o t e i r .  1981 1, e.g.). 
Tne o t h e r  assumptioc we must make coccercs  the  
i c t e r p r e t a t i o c  of  the  database f o r  those momects o f  t ime ir the  
i c t e r v a l  [ s I , s ~ ]  which a r e  no t  included ic t h e  sequecce 
< S l ,  S2, . . . , S7>. Tne database "samples" the  v a l u e s  o f  the  ICs 
o f  i c t e r o s t  f o r  o c l y  some f i c i t e  subset  o f  s t a t e s  i c  [SI  ,SKI,  
y e t  we wact t o  be a b l e  t o  cocs ider  t h a t  the  da tabase  i m p l i c i t l y  
d e f i c e s  each I C  a s  a t o t a l  fuEc t ioc  from s t a t e s  t o  i c d i v i d u a l s .  
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Acy a s s u n p t i o c  wnich extecds  a database mappicg from a f i c i t e  
s a t  o f  momects f SI , S2, . . . , SKI  (ordered a s  i c  the  sequecce 
<S1, 52, . .. , Sc>)  i c t o  a  s e t  o f  ind iv idua l s ,  i c t o  a  mappieg 
f'rorn a1 1 momects i c  the  c losed,  decse i c t e m a l  f S! , Sc] i c t o  t n a t  
s e t  o f  i c d i v i d u a l s ,  we c a l l  a  Cocticui t y  Assumptioe. 
A cumber o f  d i f f e r e c t  potss ib l i t ies  e x i s t  f o r  i c t e r p o l a t i n g  
these  r o l e  f u c t i o c s  i n  the  da tabase ,  but  by f a r  the  most commoc 
oce  i s  t o  assume, a s  ir, Figures 7a ard 7b,  t h a t  a  s t e p  f u m t i o c  
i s  t h e  ic tecded i c t e r p r e t a t i o c .  Cer ta i c ly  f o r  a l l  r o l e  
a t t r i b u t e s  t h a t  record ror-tumeric da ta  (e .g. ,  EGR, DEPT), acd 
f o r  mazy t h a t  record cumeric da ta  (e.g.,  SAL), t h i s  i s  the  oely  
appropr ia t e  choice.  Ucder the  Step-Func t i o c  Cocticui  t y  
Assumptioe t h e  va lue  of  a c  IC f o r  acy s t a t e  s w i t h i c  the  
databasa i s  g i v e c  by t h e  value of  tne  f u c c t i o c  recorded i c  the  
database  a t  the  g r e a t e s t  s t a t e  s' l e s s  t n a c  o r  equal t o  st  I t  
i s  assumed t h a t  the  HDB i c i t i a l l y  records  i c fo rmat ioc  about a c  
o b j e c t  X wher i t  beconies o! x t e r e s t  t o  the  e e t e r p r i s e ,  s a y  a t  
s t a t e  s-i, acd t h a t  a  cew t u p l e  f o r  X i s  added t o  the  database 
a t  some subtiequect s t a t e  s- j > s-i unec acd oc ly  wnex oee o r  
--
more o f  i ts r o l e  ICs has  chacged va lue ,  o r  whec i t  c e a s e s  t o  be 
a c  o b j e c t  o f  i c t e r e s t  t o  the  e c t e r p r i s e  (EXISTS? becomes 0.) 
This  d i s c u s s i o c  o f  the  HDBM has  beec icformal  acd mostly 
i c t u i t i v e .  Four p o i c t s  a r e  perhaps appropr ia t e  a t  t h i s  po ic t .  
F i r s t ,  t h e  teciuiique o f  time-stamping each t u p l e  i s  an  obvious 
acd f a i r l y  s imple i d e a ,  and macy databases  have kept  informat ioc  
such a s  s a l a r y  h i s t o r i e s  i a s i m i l a r  way. Tne STATE acd 
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EXISTS? a t t r i b u t e s  o f  the  HDSN, however, a r e  d is t inguished 
a t t r i b u t e s  t h a t  a r e  a c  i c t r i c s i c  p a r t  o f  the  model, azd not  
o r d i c a r y  a t t r i b u t e s  w d e r  the  u s e r ' s  d i r e c t  c o e t r o l .  k 
e x p l i c i t  temporal semactics c a r  thus be iccorporated d i r e c t l y  
w i t h i c  the  framework o f  the  r e l a t i o c a l  model, provided t h a t  the  
model ( i c c l u d i c g  the DKL) i s  extended t o  inc lude  a  s p e c i a l  
t rea tmeet  f o r  tnese a t t r i b u t e s .  Second , although we have 
presected a  very gecera l  notion o f  t ime,  i t  i s  assumed t h a t  
through t h e  techzique o f  Meacicg P o s t u l a t e s  ( [ c a r t a p  19471, 
[ ~ o c t a ~ u c ?  1973]), o r  axions t h a t  c o c s t r a i c  the  s e t  o f  al lowable 
models, the  user  of  a r e a l  HDB could make c e r t a i c  modi f i ca t io r s  
( f o r  example, d e f i c i c g  appropr ia te  i t t e r v a l s  o f  i n t e r e s t )  t o  the 
g e r e r a l  temporal semactics o f  the  model. Third,  a 1  though our 
exaqples nave used a  s i c g l e  e c t i t y  r e l a t i o c ,  the  ex tecs ioc  t o  
r e l a t i o c s n i p  r e l a t i o c s  acd t o  a c  e c t i r e  database o f  h i s t o r i c a l  
re1at ior .s  i s  developed ic [ ~ l i f f o r d  & Warrer. 1981 1. F i t a l l y  we 
po ic t  out  t h a t  t h i s  model of  a c  h i s t o r i c a l  database i s  
t h e o r e t i c a l ;  co  remarks it t h i s  paper should be cocstrued a s  
r e f e r r i c g  t o  imp1 emectatioc s t r a t e g i e s .  Obviously a  d i r e c t  
implemectatioc ( f o r  i c s t a c c e  o f  "completed r e l a t i o c s " )  would be 
extremely cos t -p roh ib i t ive  f o r  aLy r e a l  database.  We a r e  
c u r r e n t l y  i r ,  t he  process o f  developing a  cumber o f  d i f f e r e c t  
implemectat ior  s t r a t e g i e s  acd a lgor i thms f o r  ari HDBK t h a t  
elimir,ate the  redundaccies o f  t h e  formal model. 
I V .  H i s t o r i c a l  Databases acd I L - s  
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Ir, t h i s  s e c t i o c  we presect  a c  overview o f  the  semactic 
i c t e r p r e t a t i o c  o f  t h e  HDBM i c fonna l  l y  butl ined i c  the  previous 
sect ior- .  Tie formal d e t a i l s  preser ted  ic [ ~ l i f f o r d  & Warrec 
1981 ] were based upori what has beee ca l led  the  Uciversal  Role 
Assumptior, (URA) (see  [ ~ a i e r  & Warrer. 19821 and [ ~ l l m a c  1982]), 
t h a t  t h e r e  is a  unique r e l a t i o r s h i p  between acy two database 
a t t r i b u r e s .  We p resec t  a  b r i e f  o u t l i c e  o f  t h a t  t reatmect  he re ,  
u s i r i  t h e  sample database i c  Figure 8 (based oc  the  
depar tmer t -s tore  da tabase  i n  [chang 19'781) a s  a  r u c i n g  example, 
a ~ d  br ief ly  d i s c u s s  a r o t h e r  eccodicg scheme t h a t  makes c o  such 
assumptioe. 
Ur,der the  URA i t  is  poss ib le  t o  igeore  the  namea g ivec  t o  
r e l a t i o c s  acd al low the  a t t r i b u t e s  t o  i d e r t i f y  t h e  r e l a t i o c s h i p s  
t h a t  hold i c  the  modelled e c t e r p r i s e .  It  i s  the re fo re  poss ib le  
t o  encode a c  HD3 i e t o  a  l o g i c a l  model us icg  Eive d i f f e r e e t  
c l a s s e s  o f  f u n c t i o c s  decoted by nor- logica l  cocstar; ts  i c  IL-s. 
Tne i c f o m a t i o r ,  i c  ar, HDB i s  orgariziid ir, tne  form of h i s t o r i c a l  
e c t i t y  acd h i s t o r i c a l  r e l a t i o r s n i p  r e l a t i o c s .  We eccode t h i s  
i c fo rmat ioc  ic  t h e  l o g i c a l  model by a  s e t  o f  f u c c t i o c s  wnich a r e  
def iced  i m p l i c i t l y  by the  database.  We w i l l  d i scuss  t h i s  
eccodicg i c  terms o f  t h e  names (nor - log ica l  cons tac t s )  of  these  
-
f u n c t i o c s  i n  t h e  lacguage IL-s, acd b r i e f l y  d i s c u s s  a c  
a l t e r r a t i v e  encoding. 
For each HDB we d e f i c e  s i x  s o r t s  o f  c o r s t a c t s ,  
correspondicg t o  " d o m a i ~  va lues  ," "time v a l u e s  ," "eri t i ty 
a t t r i b u t e s , "  " r o l e  a t t r i b u t e s , "  " r e l a t i o c s h i p s  ," and the  
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"assoc ia t iocs"  betweer o b j e c t s  ( e t t i t i e s  o r  r e l a t i o c s h i p s )  acd 
t h e i r  r o l e - a t t r i b u t e s .  
Reca l l  t n a t  the  w i o z  of  a l l  of  the  domaits of the  database 
a t t r i b u t e s  i s  the  s e t  UD. Correspocditg t o  UD we d e f i c e  the  s e t  
o f  i c d i v i d u a l  c o t s t a c t s  i c  IL-s, C-e = Id' ! d 6 U D ] ,  s o  t n a t  
we car- r e f e r  ic  the  l o g i c  t o  ecy value t h a t  might appear i c  acy 
s t a t e  o f  t h e  datebase.  
Tne domait of  the  d i s t i cgu i shed  a t t r i b u t e  STATE is some s e t  
o f  s t a t s s  S i r  our l o g i c a l  model. Correspocdicg t o  t h i s  s e t  we 
d e f i c e  the  s e t  of s t a t e  c o c s t a r t s  i c  IL-s, C - s  = S. It w i l l  
a l s o  prove useful  t o  allow c o e s t a r t s  t h a t  r e f e r  t o  s e t s  o f  
s t a t e s ,  it p a r t i c u l a r  t o  coctiguous s t a t e s  o r  i c t e r v a l s ;  f o r  
exarrple, a c o ~ s t a n t  7978 of type <s, t> would de to te  the  s e t  o f  
a l l  mome~ts  o f  time ic  the  year  1978. Ws w i l l  t ne re fo re  a l low 
i r  IL-tj a  s e t  of co t s t a r . t s  o f  t h i s  type ,  v i z .  C - < s , t >  . Tnese 
l a t t e r  a r e  r.ot determir-ed by t h e  database ,  but r a t h e r  by t h e  
kir .ds  o f  use r s  acd quer i e s  t h a t  the  database system is ic tecded 
t o  support . 
Tite g e ~ e r a l  p ic tu re  o f  t h e  h i s t o r i c a l  database a s  eccoded 
ic t h e  IL-s model is provided by t n e  deno ta t iocs  o f  the  
r m a i r i r g  four s o r t s  o f  c o c s t a c t s .  
Tne s e t  o f  e c t i t i e s  (e.g. EN~loyees)  i c  any s t a t e  is giver. 
by t h e  deco ta t ioc  o f  the  correspocdirig e c t i t y  c o n s t a c t  ( o f  type 
< s , < e , t > > )  f o r  t h a t  e c t i t y  s e t .  For example, FXP-* decotes ,  f o r  
a t y  s t a t e  s, t h e  s e t  o f  employees it s t a t e  s. 
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Tne s e t  o f  e - t u p l e s  p a r t i c i p a t i c g  ic a t y  n-ary r e l a t i o c s n i p  
it a r y  s t a t e  is giver- by t h e  deco ta t ioe  o f  the  r e l a t i o c s h i p  
c o c s t a c t  REL-r. For example, eccodicg the  b i t a r y  h i s t o r i c a l  
r e l a t i o c s n i p  r e l a t i o c  SALES - r e1  reqquires  the  c o t s t a c t  REL-2 of 
type < s , < e , < e , t > > > .  REL-2 decotes  a t  acy s t a t e  the  s e t  of 
b ica ry  r e l a t i o c s n i p s  ( i c  t h i s  example, t h i s  i s  j u s t  the  s e t  of 
DEFT - ITEX p a i r s )  tinat e x i s t  i c  t h a t  s t a t e .  A l l  c-ary 
r e l a t i o c s n i p s  c a r  be combiced i c t o  a  s i c g l e  funct ion  (REL-c) 
s i c c e  we assume tne  e e t i t y  s e t s  o f  the  p a r t i c i p a t t s  ur.ique1y 
d e t e r n i c e  the  r e l a t i o c s h i p .  
For each r o l e  (e .g.  S ~ L a r y ) ,  the  s e t  o f  ICs t h a t  f i l l  t h a t  
r o l e  i a ry  s t a t e  i s  givec  by t h e  deco ta t ioc  o f  the  
correspocdicg r o l e  c o c s t a t t .  Ar, I C  f i l l s  a  r o l e  o r l y  i c  those 
s t a t e s  it wnicn i t s  associa ted  ob jec t  e x i s t s  ( o r ,  e q u i v a l e t t l y ,  
ir. wnich i t s  value is c o t  L.) For example, the  r o l e  a t t r i b u t e s  
DEFT (from EXP - r e l )  acd V O L  (from SALES - r e l )  induce ic  the  l o g i c  
t n s  c o c s t a c t s  DEPI" acd V O L '  of  type < b , < < s , e > , t > > .  D E F I " ,  f o r  
example, decotes  it a r y  s t a t e  t h e  s o t  o f  DEPT-ICs ( i . e . ,  
departmett-of-sone-employee r o l e s )  t h a t  e x i s t  i c  t h a t  s t a t e .  
n-ary o b j e c t s  ( e c t i t i e s  o r  r e l a t i o c s n i p s )  a r e  bomd 
pennacectly i . .  , n o t  a s  a  functiolr. o f  t h e  s t a t e )  t o  a l l  of  
t h e i r  r o l e  ICs by t h e  deno ta t ioc  o f  the  ton- icdexica l  c o c s t a t t  
AS-c. Tnus, e.g., each ENPloyee is bound t o  t h r e e  ICs which, i n  
those s t a t e s  i c  wnicn the  employee e x i s t s ,  a r e  i ts  SAL-, MGR-, 
axd DEPT- pickicg-out fucc t ions .  Tne c o c s t a c t  AS-1 of  type 
< e , < < s , e > ,  t>> ic the  l o g i c  r e p r e s e c t s  the  a s s o c i a t i o c  betweec 
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eacn e c t i t y  (ob jec t  o f  a r i t y  1 )  acd i ts  r o l e  I C ' s ;  AS-2 of type 
<e ,<e ,<<s , e> ,  t>>> represects  ths  assoc ia t ioc  betweec each bicary  
r e l a t i o c s h i p  acd i t s  r o l e  IC'e,  e t c .  
ky givec  HDB scheme thus de t emice s  a  s e t  C-HDB o f  
cocs tan t s  i c  I L - s  from amocg these s i x  ca tegor ies  o f  non-logical 
cocs tac t s .  ( ~ h e s e  cocs t a r t s  a r e  uciquely determixed except f o r  
tni! coc s t ac t s  o f  type <s, t>,  f o r  which mazy choices cac  be 
made.) Ic t h s  case of the  depr tment - s to re  database,  t he  
fol lowirg  s e t  of  coestar . ts  i s  determiced: 
C-e is tne  s e t  o f  domair. valur  cocs tac t s ,  
C - s  i s  the  s e t  of  s t a t e  c o c s t a ~ t s ,  
C - < s , t >  is some s e t  o f  s t a t e - s e t  c o c s t a r t s ,  
C-<s ,<e , t>>  = {EXP-*, ITEN-*] is the s e t  o f  e c t i t y  coc s t ac t s  
C -<s ,<e ,<e , t>>>  {REL-2 f i s  the s e t  of  r e l a t i o c s n i p  cons tac t s  
C -<s ,<<s , e> , t>>  = ( N G R '  ,DEFT' ,SAL1,TYPZ' ,V0L1 1 is  the  s e t  o f  
r o l e  cocs tax t s ,  
axd 
C-<e,<<s,e>,  t>> = (AS-!  ) U C-<e ,<e ,<<s ,e> , t>>> = (AS-2) is  
tne  s e t  of  
a s soc i a t i oc  cocs tac t s .  
Ic [ ~ l i f f o r d  8 Varrec 1981 ] we presected formal d e f i c i t i o c s  
of  ax HI)B scheme and ac  ins taxce  hdb oc t h i s  scheme, acd showed 
how the  i c t e r p r e t a t i o c  of the  cocs tac t s  determiced by a  g ivec  
h i s t o r i c a l  database scheme HDB i s  induced by an i c s t a cce  hdb 
over t ha t  scheme. A c  a l t e r c a t i v e  eccodixg t h a t  does c o t  r e l y  oc  
'he URA would t r e a t  each r e l a t i o c  separa te ly  acd def ine  a  
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correspocd icg  toe- logical  cocstact  i x i  IL - s  of the  appropriate 
type acd i c t e rp re t a t i oz .  For example, the  r e l a t i o e  emp-re1 
could be ezcoded i c t o  a  f w c t i o z  detoted by the  cocstact  EMP-REL 
of  type <e,<<s,e>,<<s,e>,<s,e>>>>. Such a  f m c t i o c  would 
represec t  t he  aasoc ia t ioc  betweec ac  e c t i t y  ( t he  employee) and 
its th r ee  I C - s  (macager, departmect, and sa la ry)  (depicted ic  
Figure 6 ) .  
We eocclude by takicg 8 br i e f  look a t  three  of the  elemects 
of the  r e l a t i o z a l  model to  see how t h e i r  co r r e l a t e s  ic the  HDBX 
have beec affected by the  temporal semaztics with which they 
have beec provided. 
At t r i cu tes .  
Tne HDB model i d e r t i f i e s  three  d i f f e r e r t  k icds  of  
a t t r i b u t e s :  the  dist icguished a t t r i b u t e s  STATE ard EXISTS?, 
a t t r i b u t e s  t h a t  a r e  keys wnose values a r s  r ig id  desigzators  of 
e z t i t i e s ,  acd r o l e  a t t r i b u t e s  wnich a r e  ur.cocstraiced fuxctior-s 
(ICS) which i z  a ry  s t a t e  give some p r o p r t y  o f  e i t h e r  a e  e r t i t y  
o r  a  re la t ioxsn ip .  Moctague descr ibes  t n i s  d i s t i r - c t i o ~  betweec 
c o ~ s t a c t  acd wncocstraixied I C s  i c  t h i s  mazcer: " ' O r d i ~ a r y '  
comrnor, zouns ( f o r  example - horse) w i l l  decote s e t s  o f  cocs tac t  
icdividual  coccepts ( f o r  example, the  s e t  o f  eons tac t  funct iocs  
oc  worlds acd mwnects h a v i ~ g  horses a s  t h e i r  values;  from ac 
i z t u i t i v e  viewpoict,  t n i s  is zo d i f f e r e c t  from the  s e t  of  
horseo.) I t  would be unacceptable to  impose t h i s  cocd i t ioz  oc 
such 'ext raordicary '  commoc noucs a s  p r i c e  o r  temperature; the  
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i c d i v i d u a l  coccepts  i t h e i r  extens iocs  would i t h e  most 
n a t u r a l  c a s e s  be f w c t i o c s  whose va lues  vary  with t h e i r  temporal 
argumetts." [ ~ o c t a ~ u e  19731. We have made the  same claim here  
i c t h e  HIIS realm; i p a r t i c u l a r  we have argued t h a t  key 
a t t r i b u t e s  ( l i k e  PIP) acd r o l e  a t t r i b u t e s  ( l i k e  SAL) a r e  t o  be 
i d e c t i f i e d  with Mo~tague' s "ordicary" ar.d "extraordinary" commoc 
nouns, r e spec t ive ly .  
Tne a t t r i b u t e  STATE bears  the  burden o f  providicg the  
temporal semar-tics f o r  the  HDB model. We be l i eve  t h a t  i t  i s  
b e s t  t o  d e f i c e  tne  model i c  terms o f  a  very  geze ra l  temporal 
semar t i c s ,  aed allow the  use r  t o  spec i fy  ( v i a  Keacicg 
~ o s t u l a t e s )  f u r t h e r  p roper t i e s  o f  t h i s  parameter. We have 
described here  a  Step-Fucc t i o c  Cocticui  t y  Assumptioc a s  a  mears 
of  i c t e r p o l a t i c g  the  p a r t i a l  fur,ctior. giver. by the  h i s t o r i c a l  
da tabass .  Tie a t t r i b u t e  EXISTS? models the  char-gitg focus o f  
i n t e r e s t  o f  o b j e c t s  t o  a c  e c t e r p r i s e  %'nee ar. o b j e c t  i s  o f  
i c t e r e s t ,  EXISTS? has the  value 1 acd a l l  of  the  r o l e  
a t t r i b u t e s  f o r  t h a t  o b j e c t  a r e  defined;  o therwise ,  EXISTS? is  
0 ar.d i t  has  c o  a t t r i b u t e s  ( a l l  a r e  - 1 .) 
Data Depecdeccies and C o t s t r a i c t s .  
- -
T i e  i ~ c l u s i o c  o f  a c  e x p l i c i t  t ime compocect i n  the  HDB 
model al lows u s  t o  express  t h e  semantics Of a  wide c l a s s  o f  
database c o c s t r a i t t s  i~ the  - same lacguage,  something not  
poss ib le  i c  a  f i r s t - o r d e r  l o g i c  without some e x t r a  appara tus .  
.'e d i v i d e  these  database c o n s t r a i t t s  i t t o  two c a t e g o r i e s ,  ar.d 
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d e f i c e  a c  ex tecs ioca l  database c o c s t r a i c t  a s  a  c o c s t r a i c t  O c  
i c d  i v i d u s l  v a l i d  s t a t e s  of  the  database , ar,d ar, i c t e c s i o c a l  
databas2 c o c s t r a i c t  a s  a  c o r s t r a i c t  which d e f i c e s  v a i l d  s t a t e  
-
p r o g r e s s i o c s  i c  t h e  database.  Ar. i n t e c s i o c a l  c o c s t r a i c t  c a c  
o c l y  be s a i d  t o  hold ( o r  x o t  t o  hold) oc ly  by examiricg a t  l e a s t  
two s t a t e s  o f  tne  HDB. 
-
Currec t  t h e o r e t i c a l  r e l a t i o c a l  database research  has  beec 
p r imar i ly  coccerced (without  using the  term) ocly with 
ex t e c s i o c a l  c o c s t r a i c t s ,  such a s  FDs o r  HVDs . Tine r e l a t i o c s h i p  
betweer, the  FDs acd EVDs of tne  r e l a t i o c e l  model, acd axioms 
expressed a s  formulas i c  a  f i r s t - o r d e r  l o g i c ,  i s  oce which is 
well uzderstood ( s e e ,  e.g., [ ~ i c o l a s  4 9781 acd [ ~ i c o l a s  acd 
G a l l a i r e  19781.) Tne FD EYP --> SAL, e  .g., i s  a c  abbrev ia t ioc  
f o r  tne  f i r s t - o r d e r  formula: 
V x tf y b' z  [ E M P ( ~ )  /\ SAW /\ SALW /\ 13-1 (x ,Y)  
/\ AS-1 (x ,z)  ---> y 2 1 
ic the  donair. r e l a t i o c a l  ca lcu lus  ( i .e., w i  t n  v a r i a b l e s  havicg 
i c d i v i d u a l s  a s  t h e i r  domaic). Ac i c t e c s i o c a l  l o g i c  allows us  t o  
e a s i l y  express  more f u l l y  t h e  f u l l  i c t e c t  o f  tnese  FDs: we c a r  
spec i fy  e x p l i c i t l y  t h a t  they must hold over a l l  s t a t e s  o f  t h e  
database.  Moreover, we cac  make the  more e x p l i c i t  s t a t emec t  
t h a t  t h e r e  i s  o c l y  oce f w c t i o n  (IC) t h a t  p icks  ou t  a  g i v e r  
a t t r i b u t e  (e.g.,  t h e  ~ ~ ~ a r y )  of acy o b j e c t  (e.g., EMP) t h a t  has  
t h a t  a t t r i b u t e :  
y x \d y z i [ E M P ( ~ , X )  /\ S A L ( ~ , ~ )  /\ sAL(i ,z)  
A AS-1 (x,y) /\ AS-! (x ,z)  - y = z] 
a r e  we have quac t i f i ed  over a l l  s t a t e s  of  t h e  da tabase  wi th  t h e  
Center for Digital Economy Research 
Stem School of Business 
IVorking Paper IS-82-76 
Page 3.1 
s t a t e  v a r i a b l e  i (type s )  , and nave equated, c o t  merely the  
va lue  ( e x t e r s i o r )  of the  two SALaries, but  the  SALary-ICs 
( fusc  t i o c s )  tnemselves. 
I n t e z s i o c a l  c o c s t r a i r t s  nave c o t  received much a t t e c t i o c  it 
t n e  database  l i t e r a t u r e .  Wnere t'ney have beec examiced (e.g. 
by Smith and Smith [I  9773, Nicolas acd Yazdariar [ I  9781, and 
Casacova acd Bercsteir,  [ I  9791) a s  "dynamic c o c s t r a i r t s "  o r  
c o r s t r a i c t s  upoc update opera t iocs )  , they have beec considered 
a s  d i f f e r e r t  i c  kizd from ex t ens ioca l  ( o r  " s t a t i c " )  c o n s t r a i c t s .  
7- 
I L - s ,  a s  a  higner-order language with a  temporal dimecsioc, 
al lows us t o  cocs ider  d i f f e r e z t  types o f  o b j e c t s  (e.g. s t a t e s ,  
i r d i v i d u a l s ,  ICs, acd o t h e r  a r b i t r a r i l y - d e f i c e d  f u z c t i o c s )  and 
t o  make s ta temeets  about acy o f  these  o b j e c t s  witn the  f u l l  
power of  quac t i f i ed  l o g i c  acd lambda ca lcu lus .  We cac  thus  
express  botn types o f  c o c s t r a i r . t s  i r  IL-s i c  the  same n a t u r a l  
way, i . e . ,  a s  axioms about o b j e c t s  ( o f  the  approprfa te  t y p e ) ,  
without navicg t o  i r v e c t  e cew teciu-ique f o r  express ing the  
dyr,amic c o r s t r a i c t s .  For example, t h e  c o e s t r a i c t :  
No employee cac  ever  be g ivec  a  cu t  i c  pay. 
i s  a: i c t e c s i o c a l  c o c s t r a i ~ t :  i t  c o c s t r a i c s  t h e  kind o f  
f m c t i o z  t h a t  cac  s e r v e  a s  a  SAL-IC f o r  any EHPloyee, i c  
p a r t i c u l a r  t o  those func t iocs  from s t a t e s  t o  d o l l a r  v a l u e s  t h a t  
have everywhere nor-cegative d e r i v a t i v e .  It is n o t  c l e a r l y  
express ib le  a s  a  f i r s t - o r d e r  da tabase  axiom because i t  d o e s  n o t  
r e f e r  simply t o  the  ex tens ioc  o f  t h e  SALary f u ~ c t i o c  i~ acy o t e  
s t a t e ,  but r a t h e r  t o  the  e c t i r e  f u n c t i o c  considered a s  ac 
i c t e r s i o c a l  o b j e c t ,  v i z .  a c  I C .  Ic IL-s t h i s  c o c s t r a i c t  is 
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e x p r e s s i b l e  as: 
\d i - 4  V u x [EMP-*(i-I , u )  /\ SAL' (i-1 ,x)  /\ AS-4 (u,x)  --> 
i-2 [ i - 4  < 2 - -  x i -  ) < ( - 2 )  ] 
Tnis  a b i l i t y  t o  cocs ide r  both i c t e c s i o c a l  asd ex tens iona l  
c o c s t r a i c t s  a s  e s s e n t i a l l y  the  same kind o f  c o c s t r a i n t s ,  and t o  
express  them ic t h e  same lacguage, is a good example o f  t h e  
-
power of  IL-s t o  provide a wcified theory o f  database semactics .  
-
Q u e r i e s .  
A s  w i t h  da tabase  c o c s t r a i c t s ,  t h e  i c c l u s i o c  o f  t h e  s t a t e  
compozezt i c  the  h i s t o r i c a l  database model al lows u s  t o  cocs ide r  
a  much broader c l a s s  o f  da tabase  quer i e s  ic  a c o c s i s t e c t  maccer. 
We a r e  s i m i l a r l y  motivated t o  de f ine  a c  ex tecs iona l  da tabase  
query a s  a  query wnose eva lua t ion  depecds o s l y  o r  the  v a l u e s  i n  
the  database with r e s p e c t  t o  a  s i c g l e  index o r  s t a t e ,  and ar. 
i z t e z s i o ~ a l  database query a s  a  query whose evalua t i o c  depends 
or. t he  iz ter . s iocs  o f  a t  l e a s t  oze a t t r i b u t e ,  i . e  or. t he  f a ~ c t i o c  
from s t a t e s  t o  i n d i v i d u a l s  (ICS) t h a t  represe, -ts t h a t  a t t r i b u t e .  
Ex t e z s i o c a l  q u e r i e s  a r e  p rec i se ly  tnose t n a t  s t a t i c  
da tabases  have been coccerned with handlizg; these  q u e r i e s  a r e  
n a ~ d l e d  j u s t  a s  we l l  by a c  h i s t o r i c a l  database.  However, s i n c e  
the  HDB c o c t a i r s ,  a s  i t  were, many s t a t i c  da tabases  indexed by 
s t a t e ,  i t  is p o s s i b l e  t o  ask  t h e  same e x t e c s i o r a l  q u e r i e s  with 
-
r e spec t  t o  d i f f e r e z t  s t a t e s ,  and thus  t o  g e t  p o t e ~ t i a l l y  
-
d i f f e r e r t  answers. For example, t h e  answer t o  "Knat is P e t e r ' s  
sa lary?"  with r e s p e c t  t o  s t a t e  52 y i e l d s  t h e  answer "~OK," but 
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witn r e s p e c t  t o  s t a t e  53 what appears t o  be  the  same query of  
-
the same database y i e l d s  the  equal ly  c o r r e c t  (bu t  d i f f e r e c t )  
acswer "35K." Ic order  t o  u t i l i z e  the  power of  t h e  HDB, 
e x t e c s i o c a l  quer i e s  must be more f u l l y  s p e c i f i e d  t o  i n d i c a t e  the  
s t a t e  a t  which eva lua t ioc  is  t o  be performed. Ic [ ~ l i f f o r d  
-
49821 t h i s  process i s  explaiced more f u l l y ,  acd the  c o x e p t  o f  a  
v a r i a b l e  cow, whose i c t e r p r e t a t i o c  is always the  l a t e s t  s t a t e  o f  
- -
the HDB, i s  discussed.  
I z t e z s i o e a l  quer i e s  u t i l i z e  the  f u l l  power o f  the  HDB, acd 
snow i t  t o  be a much c l o s e r  model of  t h e  r e a l  world thac  a 
o~e-d imezs ioza l  s t a t i c  database.  Withic t h e ,  cor tex  t o f  a c  HDB 
we have the  p o t e z t i a l  t o  acswer a l l  of  the  q u e r i e s  which were 
mectioced a t  the  begincing of Sec t ioc  111. Assume a mechacism 
f o r  t r a ~ s l a t i c g  the  query "Has J o i x ' s  s a l a r y  riser,?" i c t o  tne  
fol lowicg formula i c  IL-s: 
3 x [SAL'(COW,X) /\ EMP-*(mu, ~ o h z )  AS-( ( ~ 0 h c . x )  
/\ RISEq(cow,x)] 
To evaluate  t h i s  query, we need t o  provide a meacicg t o  the  
predica te  RISE'. Before we cac  provide acy d e f i c i t i o z  we must, 
o f  course,  decide  upoc a r  appropr ia te  meacicg f o r  the  Ehglish 
word " r i s e  ." We suggest  the  following: RISE' is t r u e  o f  a  
SALary I C  a t  a  given s t a t e  i i f f  t h e r e  is a precedicg i n t e r v a l  
of  time culmicat i rg  ic s t a t e  i dur icg  which t n e  SAL-IC is  
m o c o t o ~ i c a l l y  noc-decreasicg. Of course we could quibble  about 
t h i s  d e f i c i t i o c  f o r  a  while, but  t h a t  is r o t  the  po iz t :  t h e  
p a i c t  is t h a t  g i v e r  ecy such well-defined semantics f o r  the  word 
-
we could express i t s  mearing i n  IL-s. Tne suggested d e f i c i t i o z  
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t r a z s l a t e s  i ~ t o  the  IL-s Meanitg Pos tu la te :  
x  tf i [RISE' ( i  ,x)  <--> [SAL* ( i . x )  3 i-1 V 1-2 t/ 1-3 
[=-I  <= i-2 <i-3 <= i --> x(i-2)  <= x(i-311 1 1 
Givez t h i s  HP, we evaluate  the  predica te  RISES(i ,x)  a s  
fo l lows.  From emp - r e 1  we s e e  t h a t  the  SAL-IC associa ted  with 
Johr, is a z  IC whose value  f o r  the  t h r e e  k o w z  s t a t e s  i s  a s  
I t S1 --> , I I 
I 1 5 2  - -  0 1 
I 
I s3 --> 35 I 
azd wnose value f o r  a l l  o t h e r  s t a t e s  i s  ( .  Let us c a l l  t h i s  
- 
f u z c t i o z  SJ. Tner RISE ' (~ ,SJ )  evaluated f o r  i = 5 3  i s  t r u e  
(p ick  S2 a s  the  i-1 which the  MP a s s e r t s  must e x i s t ) .  
V. Summary acd Future Work. 
Uzder the  genera l  assumptioz t h a t  fonnal  l o g i c  has made azd 
cez  coz t i zue  t o  make importazt  c o r t r i b u t i o c s  t o  the  
uzderstaxdizg azd s p e c i f i c a t i o z  o f  the  semactics  o f  da tabases ,  
we nave t r i e d  t o  show now t h e  temporal semactics  o f  t h e  l o g i c  
IL-s car. be used t o  fozmalizes the  c o ~ c e p t  o f  a z  h i s t o r i c a l  
database.  I z  [ ~ l i f f o r d  19821 the  choice  o f  IL-s i s  a l s o  
motivated from the  perspect ive  of providing a  formal de f i c i t io r i  
o f  an  Ekglisn Query Larauage a s  a  Moctague Grammar (KG). Figure 
9 d e p i c t s  the  o v e r a l l  scope bf t h a t  work, wnich defined a  f o m a l  
r e l a t i o c s h i p  betweec an h i s t o r i c a l  da tabase  and an IL-s model, 
acd between q u e r i e s  expressed i n  a formally defined fragment of 
Ecgl ish  and t h e i r  i n t e r p r e t a t i o t  ic t h e  same IL-s model. Here 
we have presected both an i t fo rmal  d i s c u s s i o c  of  a c  HDB a s  a  
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cube composed o f  a  time-ordered sequecce o f  f l a t ,  s t a t i c  
r e l a t i o c s ,  a td  a z  overview of  t h e  r e l a t i o c s h i p  betwees a t  HDS 
aed t h e  l o g i c  I L - s  a td  i ts model theory.  We have a l s o  g i v e s  
examples o f  t h e  power o f  the  h i s t o r i c a l  database t o  model 
real-world semmt ics  more c l o s e l y  t h a c  e x i s t i r 4  database models. 
Tuo such examples were emphasized: t h e  a b i l i t y  t o  express  t h e  
s e m a t i c s  of i n t e n s i o c a l  acd ex t ens iona l  database c o c s t r a i c t s  
u i t h i c  the  same theory,  aad the  a b i l i t y  t o  process i c t e c s i o n a l  
acd ex t ecs iona l  quer ies .  
Tne HDBM sugges ts  the  p o s s i b i l i t y  o f  f o m a l i z i c g  a  wide 
v a r i e t y  o f  database-semaztic i s s u e s  " w d e r  orie roof ,"  v i z .  
w i t h i c  the  prec ise  model-theoretic semat t i c s  o f  IL-s. Ic 
a d d i t i o z  t o  the  r a t u r a l -  larigauge queryicg p o t e c t i a l  discussed ic  
[ e l i f f o r d  1982 ] ,  we meztioz a  cumber of o t h e r  i s s u e s  here .  
Tne f i r s t  questior.  t n a t  t h i s  paper w i l l  suggest  t o  mazy 
r e a d e r s  w i l l  be t n a t  o f  implemettat ioc.  Evez i f  a l l  of  the  
ic format ioz  i~ the  3-dimensiocal cube were knowr., a  d i r e c t  
implemeztatioc would be h ighly  reduzdact .  Furthermore, t n e r s  
may be s i t u a t i o c s  ic which the  complete h i s t o r y  o f  some 
a t t r i b u t e s  may be unknowz o r  = i n t e r e s t i n g  t o  the  e n t e r p r i s e .  
Questiocs o f  how t o  implement these  r e l a t i o n s  e f f i c i e o t l y  both  
f o r  s to rage  acd f o r  r e t r i e v a l ,  and of how t o  handle a  mixture o f  
s t a t i c  acd h i s t o r i c a l  r e l a t i o n s  w i t h i c  a  s i n g l e  da tabase ,  a r e  
-0% the  m a y  i c t e r e s t i c g  implementation ques t iocs  t h a t  rzmaic 
t o  be s tudied .  
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Arotner  a r e a  o f  i n t e r e s t ,  suggested by our work i n  d e f i n i c g  
the  t r a c s l a t i o c  o f  Gnglish ques t iocs  i c t o  IL-s, i s  the  
p o s s i b i l i t y  o f  i n t e r p r e t i c g  &gl i sh  statements as database 
commands. For example, we could i r i t e rp re t  the  statement "Johc 
e a r c s  30K," whec made by an  authorized user ,  a s  a command t o  
record this a s  a f a c t  i n  the  database with the  timestamp taken 
from t h e  system clock. A s  with ques t iocs ,  i n t e c s i o c a l  l o g i c  
g i v e s  u s  a framework f o r  providing a fonnal semantics ( o r  
pragmatics -- see  [ ~ l i f f o r d  1 9821) f o r  a c  appropr ia te  fragmect 
o f  E-riglisn t o  s e r v e  a s  a DML t o  perform such database  
maiztezazce o p e r a t i o c s  a s  i c s e r t i o t  acd d e l e t i o c .  Cocsidera t i o c  
would have t o  be giver. t o  tne  i c t e r p r e t a t i o c  o f  e r r o r - c o r r e c t i o c  
types of maictecazce,  i . e . ,  t n e  s o r t  o f  commarids wnicn mear,, n o t  
t n e t  a giver. o ~ c e -  t r u e  f a c t  about the  world co l o w e r  o b t a i n s ,  
but r a t h e r  t n a t  a previous s p e c i f i c a t i o c  of t n a t  " fac t "  was i z  
e r r o r .  Also, s i c c e  ac update ic  gece ra l  r ep resec t s  o c l y  p a r t i a l  
ic format ioc  about a s t a t e ,  c a r  we make c e r t a i x  a s sunp t iocs  t h a t  
w i l l  he lp  t o  f u r t h e r  spec i fy  t h a t  s t a t e  (e.g., i f  P e t e r ' s  SALary 
i s  re - spec i f i ed ,  c a c  we a s s u i e  t h a t  h i 5  DEPT remaics t h e  same?) 
We have incorpora ted  the  work presected is t h i s  paper i t t o  
the  r e l a t i o c a l  da tabase  model, constrained by t h e  view o f  da ta  
semar.tics presected by t h e  e n t i t y - r e l a t i o ~ s h i p  model. Tne 
ques t ion  o f  how t o  extend o t h e r  database models such a s  t h e  
h i e r a r c h i c a l  [ I M S ~ ~ O ] ,  network   COD AS^ 4 97.1 1, and func t iona l  
[shipmaz 5981 ] models t o  inc lude  a temporal semact ics  is azo the r  
a r e a  f o r  f u t u r e  s tudy.  Withic t h e  r e l a t i o c a l  model, t h e  
ques t ioc  o f  o t h e r  semat t ic  r e s t r i c t i o n s  a t  the  k i c d s  o f  
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r e l a t i o c s  t n a t  make sense ,  wi th ic  the  coctext  o f  a  formalized 
temporal semactics ,  i s  s t i l l  wide opez f o r  f u t u r e  study. 
Tne idea  of  us icg  a database t o  model hypothet ica l  
s i t u a  t i o c s  a s  p o t e c t i a l  f u t u r e s  from a  g ivec  present  s i t u a t i o c ,  
acd t h u s  provide the  a b i l i t y  t o  acswer quer i e s  about the  
impl ica t ions  o f  such "poss ib le  worlds," is acother  expansion o f  
t h e  HDB coccept t h a t  appears t o  o f f e r  promising app l i ca t iocs .  A 
query l i k e  " W i l l  the  average s a l a r y  i c  the  l i c e s  departmeet 
su rpass  3OK w i t n i c  the  next  5 years?" is the  s o r t  of  questior,  
t n a t  we ezvisage could be hacdled by such a c  o rgac iza t ioc .  
Sa la ry  r a i s e s  b u i l t  i ~ t o  uzioc c o n t r a c t s ,  c o s t - o f - l i v i ~ g  
i r c r e a s e s ,  a r e  t h e  s o r t s  o f  a p p l i c a t i o c s  t h a t  a z  h i s t o r i c a l  
database ought t o  be a b l e  t o  model. How, f o r  example, might a c  
h i s t o r i c a l  database be iccorporated wi tn ic  the  coc tex t  o f  a  
d e c i s i o c  support  system ( [ ~ i c z b e r ~  4 9821). Stocebraker azd 
K e l l e r  [1980] provide a c  exaniicatioc o f  soze  o f  t h e s r  
p o s s i b i l i t i e s  f ron  a  d i f f e r e c t  perspect ive .  
Is the  simple model we have presected here ,  EXISTecce is  
sycocomous with belongicg t o  a c  e c t i t y  s e t ,  acd we have c o t  
allowed ac  e c t i t y  t o  be o f  more thac  o t e  s o r t .  We have beg= 
i c v e s t i g a t i c g  a c  ex tens ioc  t o  t h i s  model t h a t  would al low 
e c t i t i e s  t o  f i l l  d i f f e r e c t  (acd even mul t ip le )  r o l e s  a t  va r ious  
t imes,  a s  long a s  they still EXISTed a s  e n t i t i e s  ic some 
-
r e l a t i o c .  For example, we could model people with a  r e l a t i o e  oc 
scheme 
PERSON - REL(NAME STATE EXISTS? GENDER . . .) 
--
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BORROWER REL(NAKE STATE IS BORROWER? ACCT#. . .) 
- -- - 
acd 
DEFOSITOR REL(NAME STATE IS DEPOSITOR? ACCTBAL..  .) . 
- -- - 
People could f i l l  t he  r o l e s  o f  depos i to r  and/or borrower ic  acy 
s t a t e  a t  w i l l ,  i r d i c a t e d  by t h e  Booleac-valued IS <ROLE>? 
- 
a t t r i b u t e ,  provided they were sa id  t o  EXIST i n  t h a t  s t a t e  i n  the  
PERSON r e l a t i o c .  Meacing P o s t u l a t e s  could a s s e r t  the  IS-A 
h i e r a r c h y  (BORROWER IS-A PERSON, e tc . )  and wi th  what appear a t  
t h i s  p o i c t  t o  be micor charges ic  our scheme f o r  eccodicg a  
da tabase  i c t o  a l o g i c a l  model the  presext  HDB approach seems t o  
work, acd t o  o f f e r  i c t e r e s t i c g  i c s i g h t s  i c t o  the  semactics  o f  
t h i s  s o r t  o f  database model. 
Tne c a t u r e  o f  t h e  time coordica te  ic  the  HD3 model, and the  
kinds o f  coz i s t r a i c t s  t h a t  p a r t i c u l a r  a p p l i c a t i o c s  may wisn t o  
make upor. t he  genera l  t reatmect  we have de f ined ,  need f u r t h e r  
study. Allouicg more sophis t ica ted  Coc t i cu i ty  Assumptiocs, 
d i f f e r e c t  assumptiocs f o r  d i f f e r e n t  a t t r i b u t e s ,  modifyicg the  
Coct icui ty  P r i n c i p l e ,  conceivicg of  time no t  a s  momects but  a s  
p a r t i t i o z e d  i z t o  i n t e r v a l s ,  e t c . ,  e r e  amocg tine many i s s u e s  
r e l a t i ~ g  t o  the  temporal semantics t h a t  remain t o  be addressed. 
F i n a l l y ,  we no te  t h a t  the  l a s t  few y e a r s  have seen a  number 
of  r e sea rchers ,  amor-  them Sc-mid and Swensoc [ I  9761, Hammer acd 
McLeod [ I  9781, and B i l l e r  and Neuhold [ I  9781, d i s c u s s  t h e  need 
f o r  more powerful database models o r  l a rguages  i n  o rde r  t o  
spec i fy  a  database semactics  t h a t  more c l o s e l y  models t h e  r e a l  
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world.  We ag ree  e z t i r e l y  w i  t n  t h i s  o v e r a l l  g o a l ,  b u t  view wi th  
some apprenecs ioc  t h e  p r o l i f e r a t i o c  of t he se  Semaztic Data 
D e f i z i t i o r ,  Laaguages ( S D D L ~ )  t n a t  a r e  c o t  provided with a formal 
s emac t i c s .  We b e l i e v e  t h a t  t he  use of more powerful l o g i c s ,  
l i k e  IL-s ,  c a e  c l a r i f y  maey o f  t h e  i s s u e s  involved i n  t h e s e  
h ighe r - l eve l  semact ic  models and lar&uages, evec  t o  t he  p o i n t  b f  
p rov id i cg  a b a s i s  f o r  c o ~ s t r u c t i z g  p r o o f s  t h a t  democstrate  t h e i r  
equ iva l ecce  o r  d i f f e r e t c e s .  
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